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Dark matter and its bound state

 elementary particle: QCD-like , SUSY ...

composite particle like dark nucleons

1 Dark nucleosynthesis by
radiative fusion : d+dy, @ d\,+ mediator
recombination : 3 d 2 d+d,, d,*+d = d\,, +d

1 Without mediator, 3-body recombination forms dark
deuteron and is the bottleneck for N-body cluster.

How many deuterons can be produced?

1 Use a simple and very predictive model

with two parameters mass and scattering length a
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Outline

[ Universal 2-body physics and small scale

structure problem
L 3-body physics and recombination process

[ Production of bound state in early

universe



Universal physics at low energy
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a shallow state remains the same by tuning depth and width

simultaneously
I.  universal regardless of microscopic physics
2. fine tuned state: large scattering length (a) >>r,...

3. point-like interactions can be used. 4



Large scattering length system

a Quantum Mechanics at low energy

f(k) = —— j%

Q At very low energy (k << |/range),

f(k) depends only on scattering length (a)

A For large a (2 |/k), nonperturbative problem!



Large scattering length system

81
FE) =
o(B) 1/a* + E

Q Cross section
~|/E in scaling region (E >>1/a?)

~a? in threshold region (E << [/a?)

a Molecule (dark deuteron) for positive a>0

abinding energy by = —
asize
V2 = a//2

Scale invariance for a — +o0o




Weakly bound molecules in nature!

He, Deuteron (n+p) X(3872)

@9 @9
Van der Waals potential -
(Coulomb) Nuclear potential (strong force)

E,=0.11 peV E,=2.2 MeV E,=0.3 + 0.4 MeV o

Fygw = 2 A
a=20r ~39 - Vdaw
Ep ~1/a% Tms® a/V?2
o~ 4dra’
candidate

Universal physics with large scattering length

Regardless of microscopic interactions (QED or QCD)! 7



Tunable scattering length in ultracold atoms
Near Feshbach resonance, a varies with the B field !

Molecule association in Laboratory. @ @

a(B)
O o — ]
abg _____________________________________
5 B
Why cold atoms!? res

simulating neutron gas (a = -19 fm)

a model system for strongly interacting quantum matter

like high T_superconductor, dense nuclear matter
8



EFT for identical boson

2
NR kinetic term + %TQ (Qqup)

% . >< . >O< . >C30< . ]I:\(eI:;)rzalizatioln

1/a+ik
XO@ | r=t
a g T
Self interaction: Guuaic (F) = — Ey = 12 /ma?
elf interaction: ojastic = a2+ mE/R? > = h*/ma
Annihilation into visible matter:
8 Im|1/al _ 4hIm[1/al

r
mE[12)2[1]a2 + mE /12] i ma

Uinelastic<E) — ( 9



Small-scale structure problem

self-interacting dark matter strongly interacting at low energy.
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A dark photon model needs 3 parameters (dashed curve)

Smav

Excellent fit (blue curve) with 2 parameters () =
( ) with 2 p e0) = T

m, = 1975 GeV a=17=+£3fm 10



3-body physics: Efimov Trimers

Vitaly Efimov [1970]

Q Infinitely many three-body bound states with
accumulation point at 0 binding energy at a= =00

L ) _
Q Energies differ by 22.72 = 515 oT/50 ~y 0D 7
2 Sizes differ by 22.7 sg ~ 1.006

@@C

Discrete scale invariance in 3-body system

as a consequence of broken scale invariance!!



EFT for 3-body sector
QdlInteraction %2 (zﬁw)Q

Q Integral equation for 3-body amplitude

= > HOKHOOK -

SANERY |

soln(k/N
o CoslsoIn(k/A)]

Log-periodic function!

12

SO ~ 1.006



EFT for 3-body sector

Qlnteractions L (¢T¢)2_|_§_% (¢T¢)3

Q Integral equation for 3-body amplitude
Bedague, Hammer and van Kolck [PRL 1999]

D - N+ )
+ >+ XM

a Renormalized 3-body parameter A. is determined up to
multiplicative factors of scaling factor exp[21m/s0]=22.7>.

2
g
g3 — _9/\_22HBHUK Hprox = —

sin[sg In(A/A.)—arctan(1/sg)]
sin[sg In(A/A.)+arctan(1/so)],




3-body amplitude

Q STM equation for the S-wave
87 . p? +pk+k®—mE —ie

kiE,N) = 1
Ao(p k; B, A) apk np2—pk+k2—mE—z'e
N E/Adqglnp2+pq+q2—mE—z'e Ao(q, k; E, N)
mJo "p pPP—pq+q—mE—ic —1/a+ \/3¢/4 —mE — ic

Q Analytic solution in scaling limit A p_1+150 + A_ p—l—lso

3T
(J) o
kECOt5AD(E) Z]CE

Q Phase shift  A,(kg, kg E) =

Q analytic log-periodic dependence in the S-wave

s19(x)? exp[2isg log(a/a)]
1 — s11(x) exp|2isg log(a/a, )]

exp (2idg(E)) = sa2(x) +

a, = 3-body param

r=FE/FEy 14

Q higher-partial waves depend on x only.



3-body recombination

..o o..
Q.A ‘:.o

0 Defined by rate equation for homogeneous distribution:

d d
%’TZQ — ‘l‘Kg(T) ni’) %nl = —2 KS(T)TL?

n,: nucleon density
n,: deuteron density

Q Boltzmann averaged and hyper-angular averaged

/ dFE €_E/kT (EQ + E) O_breakup(EQ -+ E)
0

0 Computed from breakup cross section

(@)

Ouneatan(B) = 75 (20 +1) (1= [ @) )
J=0




3-body recombination

..o o..
Q.A ‘:.o

0 Defined by rate equation for homogeneous distribution:

d d
Zihe = +IG(T) ny o= 2 K3(T)ny

n,: nucleon density
n,: deuteron density

Q low T limit: S-wave dominant and constant of T

K3(T) — Cs(a/ay) %all Cs(a/ay) =~ 67.1sin*[sglog(a/ay)]

Q high T limit: power-law scaling

4
K3(T) —s 004\/5 MAT Ap o< 1/VT

70 m 16
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K; at T=O0 in ultracold atom
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Q positive a:
a* scaling and destructive

interferences
ha

K3(T) — Cs(a/ay) -

Cs(a/ay) ~ 67.1sin*[sqlog(a/a,.)]

O negative a:

a* scaling and trimer
resonances
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Breakup /’

a Rate equation in homogeneous distribution:

d d
%fr@ = —KQ(T)anLQ %nl = +2 K2(T)n1n2
. 6—E2/kT
Q Relation to K, Ko(T) = 33N K5(T)

low T: suppressed by Boltzmann factor
high T: Ar o 1/VT scaling

18



Temperature dependence
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Q S-wave dominant at low T but suppressed at high T

Q Bands due to al
Q K;: constant at
a K,: exponential
Q Recombination

possible values of 3-body parameter a,
ow Tand T2athigh T

y small at low T and T-'"2at high T
is more efficient at low T 19



Evolution in early universe

Q Evolution starts
after DM decoupling from visible matter: very small or
zero coupling to matter

Q Initial condition: pure dark nucleons,
bound state broken immediately at high T >>E,

a Evolution ends in early universe
before DM captured by gravitational potential of galaxies

Q Primary interest is deuteron number or fraction:
including recombination K; and breakup K,
but omitting 3-, more-body cluster formations
4-body recombination (4d 9d, d) suppressed by n*
2-body reaction (2d, &d, d) needed for many d,’s

20



Rate equation

‘ : nucl densi
Q |nC|ud|ng up to nI3 and up to n, n,: nucleon density

n,: deuteron density

d
<£+3H)np:—ﬂguvﬁ+2KxTwmw—2KMﬂn?

d
(% -+ SH) No = Kg(T) ’n‘i’ — K2<T) ning — L'y ng

QO Hubble expansion H, annihilation via d-d scattering K, and via
d, decay I,
Q ignoring K, and I, : upper bound for n,

0O Rate for total density is simply the Hubble expansion.
Raak(t) = 11(8) + 202(8).  ngand(z) = = (14 2)°

X

d : I
(_ n ?)H(t)) ndark(t) —0 Z: redshift

at dt = —H " In(142)



In term of redshift

Q Temperature of DM (NR) and photon (relativistic):

T(z) = T(0) (14 2)* T, (z) =~ Tomp (1 4 2)

Typical decoupling temp T ,=m/20

defines redshift z,_at T . g A ”35/20 ~ 4 x 10'2
cmb
2
determines T(0): T(2) ~ Tomp L+ 2

1+ 2z4¢

redshift z,=10'%at E,=7 keV

0 Hubble function from PDG  H(2) = Hy [2,2" + Q2% + 03]
22



Deuteron mass fraction

0 Definition [f2(2) = 2n2(2)/naax(2) fo = n1(2)/naar(2)

d 1
_zf2 B (1+2)H

{ — 2 Kg(T) ndark (1 — f2) + K2(T) Ndark f2(1 T f2)

Q High T (z>>z,):
same scaling behavior in z on RHS and constant f,

f2 27 (1 + 2ae) \ * Podm —11
(1-f2)? 4\/§< My kT cmb ) My ~ 10

Q Low T (z<<z,):
K, exponentially small and quartic approach to f,(z=0)

a'lp?, \
f2(2) = f2(0) = Cs(a/ay) h—2
2H0§2§/2m§’< 93




Numerical result for m=19 GeV & a= I7 fm
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0 a plateau 4x10-'" due to equilibrium between K, and K,

0 dramatic increase by 1034 near z, (T ~ E,) due to enhanced K, and
suppressed K,

Q f,(0) is bounded between 5x10% and 5x 107
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Small and negligible?

Q The tiny fraction ~10-7 suppresses cluster formations
but NOT annihilation into visible matter.

. . ° d
a Annihilation rate E”SM _ K, (T)n% Tons
4hIm|1
K\(T) = (327Tg(kT/E2)kE;> m;j[“] T, = 22/“]

Q Their ratio is insensitive to coupling |
to visible matter and tells s
which process is more efficient.

Q ratio =| for z,/z = 160 (f, ~5x10-'") - _
It easily reach 10> at z,/z=1000. "«
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Mass dependence

Dark deutoron fraction f,

0.01 0.1 1 10 100
mass [GeV]

Relaxed constraint: detastic/m = 2 cm?/g. g is known for given mass.
The fraction scales like m-2>

Gray region violates T, >> E,. (initial condition n,=0 invalid)
The fraction can be as large as 103 at mass | GeV

26
40% fraction at 0.1 GeV requires huge rate 110 cm?/g



Kinetic decoupling
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Tiae/Tac
O Kinetic equilibrium between DM and ordinary matter can be
maintained longer T, ,. < T,
0 The fraction decreases and scaling like (T, 4 /T4.)"
Q Introducing T, ,_is essentially same as lowering T ;.



Summary

[ Self-interacting dark matter can solve the small-scale
structure problem

[ large scattering length system fits to self-
interacting rates: m= 19 GeV, a=17 fm

1 Production of bound state in early universe
by 3-body recombination (bottleneck for large nuclei).

Q f,~10-'"at high T >>E,

A f, is enhanced by 10°~* and approaches|0-7~-8 at
low T << E,

1 With relaxed constraint, the fraction can go up to 10-3
at | GeV. 28



Thank you!



