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Introduction

Dark Matter (DM)

energy density: Qh? ~ 0.12

[Planck Collaboration (2018)]

Freeze-out mechanism

DM decouples from thermal bath in the early universe

2x107%% cm3 /s

Qh? ~ 0.12
h ~0 o]

(ov): thermally averaged annihilation
cross section of DM

Dark Matter

https://sci.esa.int/web/planck/-/51557-planck-new-cosmic-recipe
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Sommerfeld Enhancement (SE)

rSommerfeld Enhancement
OVre] IS enhanced if DM
* two-body states feel attractive long-range
potential
&
* two-body states moves w/ low velocity
v K1 oM

Enhanced cross section: oggv = S(v) Xop,oV

[Hisano, Matsumoto, Nojiri, Saito (2005)]
[Arkani-Hamed, Finkbeiner, Slatyer, Weiner (2009)]

SM

SM
¢: light mediator (my < mpy)

S(v) obtained by solving Schrodinger eq. of two-body states.



Final-state SE i< e o

X1 X2 Forbidden channels
(DM) [Griest, Seckel (1991), D’ Agnolo, Ruderman (2016)]

¢ |- x1:- DM w/ mass m4

X>: Annihilation product w/ mass m, > my

X1
(DM) X2

The velocity of y, is smaller than y velocity

- SE from final state particles can be more significant



Instability of Annihilation Products

x2 must decay = Final-state SE depends on lifetime of y,

Previous work [cui, Luo (2020)] cutoff velocity is introduced (cutoff method)
- Sf(vz) (Veur < v2) _ I
S (wp) ~ Veur = 10 I': decay width of y,
1 (0<wv; <veye)

tt production [Fadlin, Khoze (1987), Strassler, Peskin (1991), Hagiwara, Sumino (2008)]

Schrodinger eq. which replace E = E + iI' is solved.

tt bound states enhance the production cross section

Bound states of annihilation products = impact on Qh? prediction



Formulation of Final-state SE

Schrédinger eqs. of wave functions of y;x71 (Y1 (1)) and y, x> (Y, (r)) (we focus on the s-wave processes.)

boundary conditions atr = oo

.
=572 = Ea| 1) = u6* ()2 (0) . ( 1241 (0)° pﬂ)

< (1)

P2 (1)

elD27

f2(6)°

p1 =+ 21E;, P2 = \/Z.Uz(Ez + i)
E, = E; —2(m; —my)

[——VZ +V(r) — (E; + D) | () = ud>()y1(0)

annihilation cross section (Born approximation) B
[—LVZ + V() - (E, + iF)] G,(r;E, +1il') = L53(1")

ov=—[d3r V- ji(r) = 4uu’lm G,(0; E, + i) J | 202
G,(r; E, +1il') - %eipz’” (r > )

ImG2 (O, EZ +lF) —

— Final state SE factor S¢(E, ') = ImGIe® (0, £, +11)




Cross Section s = 10-*

my/mi = 1.01,m; =1 TeV,a = 0.2,a = 107" GeV 2

e.g. ) Attractive Coulomb potential

a -
V() =—= 10
r [

I' # 0 allows off-shell final state
particles

* cutoff method ]

10~ [Cui, Luo (2020)]3
Resonances of bound states - = free :
5 10—10 -
,le(l """""""""" — full result
gn —_- — 2 (Tl — 1,2,”') I ! : : : : : : : : ‘ ‘ ‘ \ ‘ ‘ ‘ ‘ d
2n -20 -10 0 10 20

Around E, = &,
Sf(EZJ F) X

(EZ o gn)z + I'?



Temperature Dependence

= 10"*xm,

mi =1 TeV, mo/m; =1.01, a =0.2, a = 107" GeV 2
o’
CITI_I 10—8§
~
Q) I N
EI 107° - '+ cutoff method ‘\
AN : \s
= - = free \s
2 o0, g
- — full result ™
10 20 50 100 200

x =mq/T

Forbidden channels w/o SE

(ov) X exp (—2 (Z—j — 1) x)

[Griest, Seckel (1991), D’ Agnolo, Ruderman (2016)]

Our full result deviates from the cutoff

method result.



(ov) /107 8[GeV 2]

The minimum of E,: N0 = —

Effect of Resonances

mi=1TeV,2=30,0a=02,a=10" GeV 2, I'/my =104
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Resonances are kinematically allowed if 2m, + &,, = 2m,

contributes if N0 < €



DM Relic Abundance

Boltzmann eq.

QOh?

dnq — , )
At + 3Hn, = —(ov)(n{ — nl,eq)
L = 1 Tev; o = 027 a = 10_7 Gev—2
1000 - o
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The predicted mass ratio is modified by resonances



Summary

* In forbidden channel, the final-state SE is more significant than the initial-state SE.

* Instability of annihilation products needs to be considered when calculating the
final-state SE.

 We formulate the final-state SE by solving the Schrodinger eq. with the decay
width.

 Resonances of bound states enhances (ov) > decreases (Qh?

Future prospect
Application to specific models including forbidden channels



Back up



Bound States in Finite Temperature

1
Mediator gains thermal mass mtzh ~ az T?-> Long-range int. is screened.

Criteria for the existence of bound states [Kim, Laine (2017)]

a 1
1. (screening length) > (Bohr radius) : - = L oT S azm,
Mth U &

3 2

: : L T 2
2. (interaction rate) <(binding energy) : — <Smya’ T S azm,
2

the simple power counting: T < am,

1 m
If DM freezes out at Tf = %, a = 30 X 1
m;



The Cutoff method
SE in the cutoff method

(Sf(Ez; O) (vcut < UZ)

ma/my = 1.01,m; =1 TeV,a =0.2,a=10"" GeV~>

T S}CUU(EZ) = <
10°8. __ - : | ] 1 (0< vy, <veyp)
10-9 — full result 'tﬁ;__..-- amun In this plot,
10719 Veut = . ——
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Thermal Average

f m2u?
. 2 _ ~ T 2m
(0Vrel free = 42U XE Rep, = av, < T Tl Re\/El_z(mz_ml)+lT
mo m,
-
Averaged cross section
00 2
Vial X
2 ~ rel
(OVrel) = aJ AvVrel vreISf(Ezi N ¥,exp <_ 4 ) x =my/T
0
cutoff method  [cui, Luo (2020)] - g
o0 172 5 -_ S¢(E2,0) (T/my <w,y)
(cut) rel SU(E,) = S
(OVrel) = aj AVrel % 1S (E2) v exp <_ ) f ’
Ven ret s 4 < L1 (0<v, <{T/my)

E; —2(my; —my)

Ut threshold velocity of y; v _j

9 =

- m;



Formulation of Final State SE

Schrédinger eqs. of wave functions of y;x71 (Y1 (1)) and y, x> (Y, (r)) (we focus on the s-wave processes.)

boundary conditions atr = oo

-
=5 7 B[ (1) = us )y, (0) sz py )P
< (1/)1(7”))
Yo (1) £,(6)° elP2”
[—— V2 V() = (B +iD)| o (1) = us® (1)1 (0)
P1 =+ 2MmE, P2 = \/Z.Uz(Ez + i)
Probability current E, =E, —2(my; —my)

1
Ja(r) = “—Zlm(lPI(T)VIPl(T)) ) V- ji(r) = —2u63(r)Im(y; (0),(0))

annihilation cross section ov=—[d3r V- j (r) = 2ulm(y;(0)y,(0))



Formulation of Final State SE

Let us solve [—%Vz + V(@) — (Ey +iD)|y,(r) = us3(r)y,(0)
2

Green’s function "
boundary condition atr —» o

d, |
[— —V2+ V(@) —(Ey + iF)] G,(r; Ey + i) = —53(r) G, (1; E, + i) » ——eiP2"
2[12 4mr

mm) (1) = 2uuGy (1 B, + D, (0)
Using Born approximation,

ov = 2u Im(¥7(0)1,(0)) = 4u,u? ImG,(0; E, + il)

ImGLree(0; E,+il)

—> SE factor Sf(EZ,F) =



Source of the Resonance

SE under Coulomb potential

Ha& L D2
Sr(E,, T) = [n—Zar p —ZImlp(— )—Re(—)]
s Rep, 5 P2 D2 U

Around E, = &,,, and L. K1,
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l.[,lza
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P2 U &

1 » 1/)( i,uza)  ppa’ 1
Z+n p, / nd (B,—&)+IT

2,3
Ha & r
‘ Sf(EZ’F) 13 (E, — E,)% + T2 around £, = &,

I
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S
I

z=—-nisapoleofy(z) Y(z)=-—




Size of the Peak et
Splb2 1) = =3 (E, — E,)% + I'2

if [ < pya?
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Dependence on Decay Width

my =1 TeV, my/m; = 1.01, 2 = 30, a = 0.05, a = 1077 GeV 2

my =1 TeV, my/m; =101, t =30, a = 0.2, a = 1077 GeV 2
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narrow width : bound state resonances

JIA
Sr(EpT) = 1+—a |22+ 0(a?)

wide width: off-shell final states 5 r



Attractive Hulthén Potential @)

MLt (Approximation of the Yukawa potential)
am.,e *
VH (T) — = a 7'[2

1 — e M7 Vy(r) = _;e—mqbr’ mg = —m,

r1—-—aJ)rd—a-)
r1—a, —a_) ¢

—m*r)

92(7"; Ez + lT) — ip2r2F1(—a_, —Uy; 1— a, —a_,e

g2 (r;Ex+il)
41tr

where G, (1; E; + i) =

Binding energy

c Uy ) n?m,\’
" 2n? 200

Bound states exists if m, < 2u,a




Attractive Hulthén Potential 2

@ = 1.01, a = 0.2, L = 10_4,
m;

m, = 0.3 TeV

a=10"7 GeV 2

m, = 0.1 TeV
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— full result

— full result

Bound state exists if m, < 2u,a = 0.2 TeV



Attractive Hulthén Potential 3
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Attractive Hulthén Potential @
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