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Macroscopic Ordinary Matter

+ For ordinary matter, there are so many different types




Macroscopic Dark Matter

» Dark matter could be one type of matter made of dark

particles

» Macroscopic dark matter is a composite state and may
contain many dark matter particles

- Its mass could be much heavier than the Planck mass scale

» Its detections could be dramatically from ordinary WIMP

searches



Outline
Macroscopic dark matter models

Quark nuggets with ,01/4 ~ AQCD

Dark quark nuggets with p'"* ~ A ocp

Electroweak symmetric dark matter ball with p'* ~ vy

Others: QCD Axion star, PBH, dark monopole ...

Detections

Lensing # Qravitational waves

Direct Detection + Other methods
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Quark Nuggets
« Can we explain dark matter in the SM?

Cosmic separation of phases

Edward Witten*
Institute for Advanced Study, Princeton, New Jersey 08540
(Received 9 April 1984)

‘A first-order QCD phase transition that occurred reversibly in the early universe would lead to a
surprisingly rich cosmological scenario. Although observable consequences would not necessarily
survive, it is at least concewable that the phase transition would concentrate most of the quark ex-
cess in dense, invisible quar} ggets |providing an explanation for the dark matter in terms of
QCD effects only This possibility 1s viable only if quark matter has energy per baryon less than 938
MeV. Two related issues are considered in appendices: the possibility that neutron stars generate a
quark-matter component of cosmic rays, and the possibility that the QCD phase transition may
have produced a detectable gravitational signal.

Hogan, ’1983; Farhi and Jaffe, '1984; Alcock and Farhi, '1985; Madsen,
Heiselberg, Riisager, '1986; Kajantie and Kurki-Suonio, ’1986; Qlinto,
1987, '1981; Alcock and Olinto, '1989; .......



Quark Matter

Mp.

+ For Iron, the mass/baryon is —< =~ 930 MeV

Ap



Quark Matter

» For Iron, the mass/baryon is ~ 930 MeV

AF

» For the quark matter (in QCD deconfined phase), using the

degenerate Fermi gas approximation

300 F

100




Formation from First-Order Phase
Transition




T>Tc
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Hadron Bubbles Grow




Quark Nuggets Isolated




Some Properties

+ Most of baryon numbers are stored In

the quark matter

+ At T'¢, the size of quark matter is

~ dH/lOO Hogan, ’1983

Kajantie and Kurki-Suonio, 1986

+ The number of baryons inside one

quark matter bubble is ~ 1038




Some Properties

+ Most of baryon numbers are stored In

the quark matter

+ At T'¢, the size of quark matter is
~ dH/].OO Hogan, ’1983

Kajantie and Kurki-Suonio, 1986

+ The number of baryons inside one

quark matter bubble is ~ 1038

+ As T drops, the vacuum pressure

shrinks the QM bubble, but the baryon
number stays (assuming it does not
evaporate)

+ Eventually, the Fermi pressure

balances the vacuum pressure
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3 Flavor Quark Nugget Dark Matter

= The chemical potential or the number density is related

to ng ~ B3* ~ (150 MeV)®

+ The mass of the 3FQM is

Msponm ~ 101 g

+ The radius of the 3FQM is

R3roMm ~ 1 mm — cm

+ The density of the QM is similar to a Neutron Star, except

with a much smaller radius

“micro Neutron Star”



Cosmic separation of phases

Edward Witten*
Institute for Advanced Study, Princeton, New Jersey 08540
(Received 9 April 1984)

A ﬁrst order QCDphase trnsmon that occurred reversibly in the early universe would lead to a
surpnsmgly rich cosmological scenario. Although observable consequences would not necessarily
survive, it is at least conceivable that the phase transition would concentrate most of the quark ex-
cess in dense, invisible quark nuggets, providing an explanation for the dark matter in terms of
QCD effects only. This possibility is viable only if quark matter has energy per baryon less than 938
MeV. Two related issues are considered in appendices: the possibility that neutron stars generate a
quark-matter component of cosmic rays, and the possibility that the QCD phase transition may
have produced a detectable gravitational signal.




Cosmic separation of phases

Edward Witten*
Institute for Advanced Study, Princeton, New Jersey 08540

(Received 9 April 1984)

ph; : that occurred reversibly in the early universe would lead to a
surpnsmgly rich eosmloglcalsano Although observable consequences would not necessarily
survive, it is at least conceivable that the phase transition would concentrate most of the quark ex-
cess in dense, invisible quark nuggets, providing an explanation for the dark matter in terms of
QCD effects only. This possibility is viable only if quark matter has energy per baryon less than 938
MeV. Two related issues are considered in appendices: the possibility that neutron stars generate a
quark-matter component of cosmic rays, and the possibility that the QCD phase transition may
have produced a detectable gravitational signal.
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SM QCD Phase Diagram

» If strange quark is massless, we
have 1’st order transition

» Nore general, once the number
of massless quarks is above or
equal to 3, the phase transition

is first order oo, oki-wilczek 1983




SM QCD Phase Diagram

if strange quark is massless, we
have 1’st order transition

More general, once the number
of massless quarks is above or
equal to 3, the phase transition

IS first order

Pisarski-Wilczek, 1983
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Outline
Macroscopic dark matter models

Quark nuggets with ,01/4 ~ AQCD

Dark quark nuggets with ,01/4 ~ AdQCD

Electroweak symmetric dark matter ball with p'* ~ vy

Others: QCD Axion star, PBH, dark monopole ...

Detections

Lensing # Qravitational waves

Direct Detection + Other methods
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Nt

B of massless, vector-like flavors:

15F
14
13F
12
11F

10

Phase diagram of dark QCD

w & Ul o~ ~N o O
T T T T T T T

chiral phase transition in dark QCD

1St
1St
1St
——————————————————— A i mmciofe
NfSZ
! Cross - not first orderl
2 3 4

1 of colors of dark QCD: Ny

QCD-like gauge theory
with massless flavors

Both analytical and the
numerical Lattice-QCD
methods have been used

For a wide range of
models, one has a 1’st
order phase transition and
potential formation of dark
quark nuggets

YB, Long, Lu, 1810.04360



Phase diagram of dark QCD

dark quark- chiral-unbroken &
gluon plasma unconfined phase

15t order phase transition

temperature: T

S:;ll? onic chiral-broken &

matter confined phase dark quark

matter

chemical potential: u

For dark quark matter to be the lower-energy state:

Bl/4 N./N 1/4 N —1/2
<o.175< s/ d) (—d>

mpg, 1 3
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Free Dark Baryons

+ The standard freeze-out story tells us that some fraction of
free dark baryon and anti-baryon also exist
1 Ge\/)2

mp,

(ov) ~ (50mb - ¢) (

Qp,h° = Qp,h* ~ (0.052) (13%‘233) (2087?2\/)2 (de/Qj(;d(tfo)> (;ﬁii;) (%)—1/2

v

relic abundance of free dark baryons & antibaryons

—_
9
(0]

10-1 |

—_

o
N
B

dark baryon asymmetry: Yg,

WQgy a1eunjes
suo/Aieq a4}

10-17 assumes: B = (0.1 de)4 & Ng=Nf =3 & fyyg =0.99
| : | :

011 10 10‘00 | 165
dark baryon mass: mg, [ GeV]
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Dark Radiation

+ If the dark sector is never thermalized with us

1 i ' ' ' ' ' f i o T z z z T
i >0 1
207
" - AN < 0.2 (Planck-2018) ;227 |
q) 7 7
Z 0.100} 2277 |
< : I |
i 227 0(ANgff) = 0.03 (CMB-54) -
c f a4 ,
O
‘= 0.010F
0 ?
5
o |
= | Ng=3 & Nf=3 |
5 00 Ng=3 & Nf=2
O :
= === unconfined @ temp |
10-4 confined @ temp -

0.05 0.10 0.50 1

relative temperature: T4/ T,

+ The dark sector is required to be chilly
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Mass and Size of dQN

Dark baryon asymmetry is assumed from early universe

typical dark quark nugget mass

1028 T T o T . o T e o T T T T 1052

1024 | excluded by microlensing (Subaru-HSC) 11048

1020} 11044
— >
O 1012 - . 1036 8
_ 108} {103 —
S 104l 11028 §
> 5
1 [ J 1024 2

1041 Qqanh® = 0.12
~ _ 2/3 +1/3
108 o=0/ B T,

1020

{1076

1012 L ] ] ] ] ] . . 41012
keV MeV GeV TeV PeV

assumes: Ty c=Tc, gx =10

dQCD phase transition temperature: T.

Quph? 1/3 B ~1/3 T, “1 5\ 32
~ (0.081 ’ —
Fagy = (0.08 Cm)( 0.12 ) (0.1 GeV)a 0.1 GeV 0.1

Quanh? T a2
Moy ~ (2.1 x 101 I — .
aax = (21 % g)( 0.12 )(0.1 GeV) 0.1

+ Lower dark confinement scales have heavier and larger
dark quark nuggets ’ YB, Long, Lu, 1810.04360




Outline
Macroscopic dark matter models

Quark nuggets with ,01/4 ~ AQCD

Dark quark nuggets with p'"* ~ A ocp

Electroweak symmetric dark matter ball with p'* ~ vy

Others: QCD Axion star, PBH, dark monopole ...

Detections

Lensing # Qravitational waves

Direct Detection + Other methods

23



Non-topological Soliton

+ Was studied extensively by T. D. Lee and collaborators in

70’s and Coleman in 80’s. Let’s use Coleman’s paper to set
a stage.

Q-BALLS*

Sidney COLEMAN
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

Received 4 July 1985

A large family of field theories in 3+ 1 dimensions contains a new class of extended objects.
The existence of these objects depends on (among other conditions) the existence of a conserved
charge, Q, associated with an ungauged unbroken continuous internal symmetry. These objects
are spherically symmetric, and for large Q their energies and volumes grow linearly with Q; thus
they act like homogeneous balls of ordinary matter, with Q playing the role of particle number.
This paper proves the fundamental existence theorem for these Q-balls, computes their elementary
properties, and finds their low-lying excitations.

24



Non-topological Soliton

» For a complex scalar field with an unbroken global
symmetry, there exist nondissipative solutions of the
classical field equations that are absolute minima of the
energy for a fixed (sufficiently large) Q.

0.20

| Q-ball state sits
g/ in a local vacuum

+ This will be a non-renormalizable potential for a single
field

25



Non-topological Soliton

+ The charge Q of v(1), ,is 0= [d%lqb(r) RERCY 2%

+ |n the large Q limit, the profile is like a step-function.

+ The energy of state has

1 2
-2 Luv
2 P2V

+ Minimizing the energy with respect to the volume

202U - $?

» So, for the same Q, the lowest energy state is at some ¢,

2U,/¢pg = min[2U/¢?]

26



Non-topological Soliton

2 U(¢)/¢?

+ The soliton state is also stable at quantum level.

» Its energy is proportional to Q times some intrinsic
properties of the potential.

» This is just a feature of a single-field potential. The Q-
dependence of energy will be different for two-field cases.

27



Higgs-portal Dark Matter

+ The simplest extension of the SM is the Higgs-portal dark

matter:
2

2
< =0,0"0'® +0,H 0'H — ), (HTH — V—> — Ay @' ®H'H
2

with all dark matter mass from the Higgs VEV: u, =\@v

28



Higgs-portal Dark Matter

- The simplest extension of the SM is the Higgs-portal dark

matter:

) 2
< =0,0"0'® +0,H 0'H — ), (HTH — V—> — Ay @' ®H'H
2

with all dark matter mass from the Higgs VEV: Mq):\@v

Scalar Higgs Portal
1 : S

XENON1T/DarkSide Excluded
H

If one keeps the

coupling and SN ,
mass independent | S | #eow!  Arcadi, Diouad,
il 77| Raidal, 1903.03616
Severely constrained \W
by direct detection |
experiments e
oo
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Higgs-portal Dark Matter

- The simplest extension of the SM is the Higgs-portal dark

matter:

) 2
< =0,0"0'® +0,H 0'H — ), (HTH — V—> — Ay @' ®H'H
2

with all dark matter mass from the Higgs VEV: Mq):\@v

Scalar Higgs Portal
1 : —

XENON1T/DarkSide Excluded
H

If one keeps the

coupling and SN ,
mass independent = | e e Arcadi, Djouad
il 77| Raidal, 1903.03616
Severely constrained \W
by direct detection @ | % bt
experiments e |
o

But, dark matter may not be in the EW-breaking vacuum
28



Higgs-portal Dark Matter

< =0,00'®+0,HH — (HTH — V-) — Ay @' ®H'H
2

« The classical equations of motion o) =c¢/\/2 Hx) = ()2

2
¢"(r) + " ¢'(r) +

1
w* — > Ao h(r)2] P(r) =0,

2 m} o1 .
W)+ = 1) + | = = b == 4y p(r? | () =0,

» Four boundary conditions: ¢ 0)=#0)=0 ¢0)=0 h(co)=1v

» Need to double-shooting on ¢(0) and x(0) for a fixed value

of w

29



¢, h (GeV)

Example Solutions (1, = 0)

500
: 2 _ _
: m(b,o p— )\¢ — O
400 F
300F
200 F
: — Q= 505
100 --—-= Q=203
Of ]
0.00 0.02 0.04 0.06 0.08 0.10

r (GeV™ ) Ponton, YB, Jain, 1906.10739
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Example Solutions (1, = 0)

5005- ¢ , Aph = 3
m(b,o = )\¢ =0
—~ 400}
> |
(5 300
< Lol
s —— Q=505
100 --=-= Q=203
ok

for a large Q: Electroweak Symmetric Dark Matter Ball

30



Dark Matter Ball Mass vs. Q

of Agn=3
20:_ m¢,0=}\¢=0 '

-20}
-40}

-60}

Mg — Qmy (GeV)

-80F}

~100L

+ In the large Q limit, one has a simple relation

Q ~ R4, M@NQ3/4NR21)>
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Add ® Self-Interaction

2

2
L=0,00"d +0,HO"H — ), (HTH — %) — Ah®TOHTH — m7 (T — \y(T D)

» The existence of the self-quartic interaction changes the
dark matter ball properties significantly

(2
My, Agh o 2 2
— — — for A < mj ,
2o~ o o oh @7 < 1
2 2
\ 0 for )\¢h o > my .
( 1 A\ 2 >\2
2 (wQ - ZhAmh) Pt en O for A<t
Usi(¢) = —Va() + 1 R
\ §w2(b2 — 16 ;L\h for )\¢h ¢2 > m% .

2
¢5,/+;¢/+Uéﬂ-‘(€b) ~ 0

» Via Coleman, we can use 1D particle description to

understand it
32



Usse (10° GeV?)

Add ® Self-Interaction
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Add ® Self-Interaction

200

150

100}

¢ (GeV)

50|

Mg

Q ~ R3 , M ~ Q ~ R3 10 —_ s (100 GeV)4
@ @ (47 /3) R,

34



Two Types of BEC

+ When the O self-interaction is not important (1, < 1), the
core density could be arbitrarily high (BEC)

Q ~ Rg, Mg ~ Q" ~ Ry

+ When the @ self-interaction is important (1, ~ 1), the
energy density is flat in the inner region

Q ~ R, My~ Q~ R}

+ Both of them have p'/* ~ vy, and unbroken electroweak
symmetry in the inner region

35



Formation from 1°’st Phase Transition

It is known that the Higgs-portal dark matter can also
trigger strong first-order phase transition

bomm—m—————————————7
140_' _ omz’OZO
[ St = m} =100 GeV
1201 [ .m =200 GeV
_ al
% 100_— S :
U i /?3_
= S
N 8of ° |
2|
ool am;, =200 GeV [
m? , = 100 GeV .
a0l omé,OZO [
>‘¢h

+ The formation is similar to the (dark) quark nugget case
36



Abundance of Dark Matter Balls

+ Use Initial DM number asymmetry Y, to match DM abundance

+ The total number of dark matter within one Hubble patch is

Y, 134 GeV '\’
Ng"™™ ~ Ygsdj ~ (7.8 x10%) (mil)( Te )

+ The number of nucleation sites within one Hubble volume
has

\ —14
NEuEIe ~ 1.0 x 1013 x (%h)

37



Abundance of Dark Matter Balls

» Use Initial DM number asymmetry Y, to match DM abundance

+ The total number of dark matter within one Hubble patch is

Y. 134 GeV \”
Np™ ~ Yysdi ~ (7.8 x10°) (1()?11)( Te )

+ The number of nucleation sites within one Hubble volume

has

\ —14
NEuEIe ~ 1.0 x 1013 x (%’l)

Y, 134 GeV\® /A \ M
0 (1) () (BGV)' ()

‘ W, Y: 134GeV\® /[ Aun\ 26
Mg ~ (3.9 x 107 GeV) <5 - 10‘1§Ge\/> ( ) ( ¢ ) 10-°°GeV ~ 100 g

) o N2/ Ye \YP/134GeVN [\ :
Rg ~ (5.8 x 10° GeV 1) (ﬁ) (10?11) ( 7 ) (%h) 10°GeV ! ~ A




Abundance of Free Dark Particles

» During the chemical equilibrium, the ratio of dark matter

energy density in the low-temperature phase over the high-
temperature phase has

1 3/2
r o= ﬁ ~ 6 (mMT)) : e~ me(T)/T
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Abundance of Free Dark Particles

» During the chemical equilibrium, the ratio of dark matter
energy density in the low-temperature phase over the high-

temperature phase has

3/2
r = 2~ 6 WL¢(T) / 6—7n¢(T)/T
- () 2 T

Ng

+ The freeze-out temperature is controlled by the process

@g+ P = @y, + X

Y(I) 271'2 ‘
Fotom0+1 = (0v) ng ~ 47 R (T) o - 471 Ry (T) 0 1 Gus T

+ The freeze-out temperature is low and below ~ 1 GeV
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Abundance of Free Dark Particles

» During the chemical equilibrium, the ratio of dark matter
energy density in the low-temperature phase over the high-

temperature phase has

3/2
r p— — 2~ 6 m¢ (T) / e_ﬂlqﬁ(T)/T
M) 21T

+ The freeze-out temperature is controlled by the process

@g+ P = @y, + X

Coramgrr = (ov)ng =~ 4w RGQD<T) ? =4dm REE(T) 5 A5 Gxs T

+ The freeze-out temperature is low and below ~ 1 GeV

+ S0, the dark matter fraction in the free particle state is

dramatically suppressed and negligible
38
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New ideas are needed to probe the gravitational
interaction of macroscopic dark matter
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Stochastic GW

» A first-order cosmological phase transition can generate a
stochastic background of gravitational waves (GW)

Qewh?® = Quh* + Qeh?® + Qeurnh?

_— | T~

bubble collision sound wave turbulence

Hindmarsh, Huber, et. al., 1504.03291

+ For the leading sound-wave contribution

* —1/3 — -1 ; 7 2
Quwh® = (8.5 x 107°) (1900) 7, (f]) O (f{w> (4 + 3(f/fsw)2)

o= o (7)) (o) ()

2/5

— . 87
Ur ~ /(3/4) ko " 0.017 1 (0.997 + )25

42




grav. wave spectrum: Qgyh?

—
<
~N

—
<
O

—_—
I
-
—_

—_—
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w
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—_
ul

1077

Stochastic GW

EPTA

IPTA -
SKA
VRN . - LISA
/ A V4 / \ ]
/ \ / \ / Taiji
/ ’ \ / \
/ \\ / \ 4 \ DECIGO -
\ \
/ /
\ \ \ BBO
/ \ \ \ ET
/ ()
\ / L\ a
/ /
\/ 7\ \ \
\ r \ r \o> \ .
5 / \o / \ o \o
7\ / \ @ / \¥e) \ <,
/1 \o / \% / \ > \o
r \% / \ > / \ \ &
/ \ / \ / \ \
/ \ / \ 7 \ \
/ / A / \
/ / / \
/ / 7 -
I/ /I /
yi | \ yi | J\N\ | |
107/ 10~4 0.1 100

frequency: f [Hz]

(a, B/H) = (0.1, 10*) (solid) and (1, 10°) (dashed)
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Direct Detection

» The masses of dark matter balls are heavy, above the

Planck mass. So, its flux is small. One needs a large
volume detector to search for it.

1~ VAdet texp ~ -

Mpm Mpm 5 X 105 sz 10 yl’

- Because the cross section is large, it may have multiple
scattering with the material in a detector

I = nx opp_panl Vrel

E o~ 1 Xteeet X (Eg) XK ~ N, X 10keV X «

su scattering

45



Direct Detection of EWS-DMB

+ The energy density of electroweak symmetric dark matter
ball has p ~ (100 GeV)*, and very dense

1ooo:
[ w = 50
800} Q =8213
600:-

400 [

@(r), h(r) (GeV)

200 |-

o ~— ]

+ When SM particle (nucleon) scattering off the DMB, it will
feel a different mass from the zero Higgs VEV inside DMB

< D —my NN — y,yn(h — v) NN Youw & 0.0011

46



Scattering off a Square Well

+ This becomes a QM homework problem.

» For a small R, one could just use the Born-approximation

» For a large R, bound states exist

2 2
—cot <\/E2 — m]%, + y}%Nsz R> —
E? — myg + Yiynv?

+ The threshold radius for an s-wave bound state is

T

Rth — — 5.8 Gev_l
2 VNNV

+ One can perform a partial-wave expansion and sum them

together to obtain the total scattering cross section
o= % Zl: (21 + 1)sin®§,

47



o /(7 R?)

Scattering Cross Sections

ol P 4.0_1 IIIIIIIIIIIIIIIIIIIIIIIIIIIII _
: k=10"my | : R =12 x10* (GeV ™) |
8t ] 35 mR? = 4.9 x 107"? (cm?) 1
| Q0 : Vrel = 10_3 :
6l N I ]
- S 3.0-
| G
4r ~
I b 25 _
2 Nucleon
) .
0.1 | 1 | 10 | 100 1000 .””1“04 | 105 O:OI - I0:5I - I1:0I - I1:5I - IZ:OI - I2.5I - I3.0

R (GeV1) k/[mN,4)Vrel]

+ The cross sections change from a hard sphere 4zR’ to 27R*

+ They are insensitive to the target nucleon or nucleus

masses
48



Direct Detection

Mg (2)

N/-\
=
=
<
o mMypo = 0
| )\¢ — 0.013
- XenoniT we. = 50 GeV |
10—26 1 . . . . 1 . . . . 1 . . . . 1 . . . . 1
1 014 1 019 1 024 1 029 1 034
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Direct Detection

Mg (8)

OoA (sz)

| XenoniT w. = 50 GeV |

1 0—26 1 . . . . 1 . . . . 1 . . . 2 1 2 2 2 2 1
1 014 1 019 1 024 1 029 1 034

Mg (GeV)

Existing experiments constrain some parameter space,
but leave open space as targeted searches

49



Other detection and effects

+ With Joshua Berger (Univ. of Pittsburgh), we are working

on their potential detections at Super-K and DUNE with
radiative capture

N+ (D) — B+~

+ The photon in the final state can have energy above MeV
and be detected in a large-size neutrino detector

+ Detalled cross section calculations to be done, because
the dipole approximation does not apply for this case
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Conclusions

» Macroscopic dark matter appears in several simple models

» Non-trivial phase transitions in the early universe generate

dark matter in a state different from zero-temperature vacua

+ For dark QCD, the dark quark nugget is in the dark QCD

unconfining phase and has a wide range of masses

» For Higgs-portal dark matter, the non-topological soliton
dark matter is in the electroweak symmetric phase

= An experiment with a large volume and a long-exposure

time would be ideal to search for dark matter balls with
multi-scattering events
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