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Self-interacting dark
matter



Core-Cusp problem
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Wavenumber k [h/Mpc]

CDM works well at >Mpc

Radius (kpc)

Galaxy rotation curves at <lkpc

[Spergel, Steinhardt, 2000; Tulin,Yu, 2017]

® CDM N-body simulation predicts cuspy DM profile (NFW),
making rotation velocities overshooting at small scales.
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Ucir ™ \/;7 Pdm ~ T

Ucir ™~ T
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“Cuspy”
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Too-big-to-fail problem

Baryonic Results

® simulated dSphs
O MW dSphs
& M31 dSphs
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[Brooks & Zolotoy, 2012]
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Massive subhalos are too dense to host dwarf galaxies.

Baryonic effect (SN feedback) can make halo profile shallow.

Diversity problem: large scatter for the same maximum velocity



Self-Interacting Dark Matter
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[Weinberg et al, 201 3] [Tulin,Yu, 2017]

Transport heat from outside makes DM scatter and cored.

» Self-Interacting cross section solves small-scale problems:

Oself

~ 0.1 — 10cm?/g
mMDM

cf. Bullet cluster for DM self-scattering at clusters. o/m <0.7cm?/g



Velocity-dependent SIDM
_4_
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SIDM N-body simulations, with o/m = 1 cm?/g, (gray) [M Kaplinghat et a|, 201 5]

® Velocity-dependence resolves tension galaxies & clusters.



Friction between halos > Gravity between sub-halo and galaxy

== splitting of sub-halo from galaxy

e.g. Abell 3827 cluster |off-set: A =1.6217 3 kpc
[Massey et al(2015); F. Kalhoefer et al (2015)]




Diversity solved
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[A. Kamada et al, 201 6]

SIDM with baryons explains diversity of rotation curves
at inner region for the same maximum velocity.



SIDM: resonances

—MmeT _7_
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Bounds on light mediators

Light mediators enhance dark matter annihilations/detection.

8_

* Strong constraints from indirect and direct detections.

T 1077 -

i Planck excluded _ 1 = Kinetic mixing portal
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[Bringmann et al, 201 6] [Hambye et al, 2019]

Dark matter annihilates into neutrinos or hidden sector particles.



SIDM: sub-GeV

Born cross section (w/ heavy mediator):

Born Apm MU Mmppv° | Apm e e
o = 5> — In{ 1+ — — |V ==

. el iy B
me, Mg + My U | A r

sub-GeV DM mass => large & velocity-dependent at perturbative level.

DM relic freeze-out with 2—2 (forbidden) annihilation: CMB safe

Contact interactions:| e.g. Dark mesons in dark QCD

~0 . 50 Ly = Tr(0,m0"m) + 37 Tx[0,m, 7]* + - -
m;  a 2 4
— s < 1GeV
Oself — A° ~ N —y M 3
> 32w f4 N2’ u
- . o ~+ YVess-Zumino-Witten term:
~0 - v ~0 : : :
n T ~0 DM relic by self-interactions
. /',4' ~~~~“~~ ~ mﬂ'
[Hochberg et al, 2014; . - Mx 4 m. ~ 300 MeV

M.-S. Seo, HML, 201 5] n f



u-channel resonances



t-channel resonance .

® Consider dark matter and mediator with masses, m; & ms.

Self-coupling for dark matter:  Lint = —2gmi¢a|éd1 |

map> Elastic 22 self-scattering in t-channel

/

p p
P1 5 P1
E B 492m2
: T e A — 1
¢2 t(p7Q7pa(J) ‘ﬁ_ﬁ‘2—|—m%_w2
®1 ’ ; ®1
q q
w=po—p,=0: “Instantaneous”’ interaction

—p A small mass m»y leads to enhanced t-channel!

Resummation of ladder diagrams: Sommerfeld factor



u-channel resonance

® Take two component dark matter with masses, m; & m»

_‘I‘I_

Self-coupling between dark matter:  Lin = —2gm1¢a|é1|?

» Elastic 2—2 co-scattering in u-channel

/
¢2 p ---------- q le
_ 492m2
Fu » {5 /7 ") = .
P1 .60 =
B ——— - b
q P [S. Kim, HML, B. Zhu, 2021, 2022]
w=po—qy ~mg—mq #0 “Delayed” interaction

mg = 2m; ——> “Effectively massless” off-shell DM

Similar resummation of ladder diagrams is also needed.



Non-perturbative scattering

_‘I 2_
Non-perturbative co-scattering in u-channel
q p+qg—k
P1 , /<f)1 P1 - - - ®1 S ¢
a ?1’ N p—kK 0 7
D - o B sy
Py e
P2 P2 P2 —----- ‘ P2 P2 ----- i P2
p

il(p,q;p',¢) =il(p,q;P,q) — /

Bethe-Salpeter wave function for two-component DM:

x(p,q;p',q¢") = Ga(p)G1(9)T (p, ¢; P, 4') = x(p,q)

. d'k ~
» ix(p,q) = —Ga(p)Gi(q) / L (p,q;p+q—k,k)x(p+q—k, k)

p—

(tree-level amplitude ignored)



Bethe-Salpeter equation

. 13-
Change of variables:
1 P q ( . Y-
— 3(p-{- q)’ Q= “(E — E) m——— ) x(p,q) X(P,Q)
B | (2
( X(P+ag—Fkk) = X(P, %P—k)
WP.Q) = —Ca2(Q+ L P)Gi(-Q+-L P) / X Fp.qp+a— k) X(P, k')
’ 2 mq : mo (27)4 T B XA R

k' : shifted loop momentum
Tree-level amplitude:

Fngp kLK) - 4g°m3 =U
p,&:;PTq— R ( L) + \/2:’;’!?')2+7n2(2ml—m?)

. - dQo _
BS w.f.in momentum space: ¥ss(Q) =/%>€(R Q)

- d 2 > B -

mq ms (27)3



Bethe-Salpeter equation
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Bethe-Salpeter equation:

1 o - —\ ma
(_Q_#W _ E) vps(®) = —V(@vss(~2F)| 5. Kim, HML, B. Zhu, 2021, 2022]

Q ir
V(Z) = —?e‘*” mo S 2my 0 M < meo
=L  M=m2- Z—f I Effective light resonance



Difference from t-channel

t-channel:
~ 492m%
P — P'|? + m53

No DM exchange in loops =>
No flip for BS wave-function

_‘IS_
u-channel:
I, =
N

DM exchange in loops =>
BS wave-function flips in the potential!




Delayed interactions

BS w.f.in spherical coordinates:

_165_

Ves(2) = Ru(r)Y{"(6,9) — vas(— 722) = (-D)Ru(;2r) Y0, 9)

Radial equation: Rj(z)=w(z)/z, a= 2l b= "2 and ¢ =21

o mi jLce

2 e—CT
== (% -4 1))Uz(-’13) + 2 (<1) w(br) + 0 w(z) = 0

® Attractive for |=even ; repulsive for |=odd.

my

® [ffective mediator mass: M = ms» \/ 92—
mi

? O, me — 2Mmy.

® Delay differential eq:

r = e P —> ag(p)+ip(p) +2¢ P iio(p — In2) + a’e* dig(p) = 0

delay term



Sommerfeld factor

_‘|7_
1055 a=g°/(4m) =01 1 Sommerfeld factor (s-wave):
10, o s (0)]° 2
i [Ppert (0)]°
w 1035—
102 Effective mediator mass
101 «— A=1-_"2>9
27721
0+ 103 102 107!
Vrel [S. Kim, HML, B. Zhu, 2021]
Boundary conditions (s-wave):
~ ]- . — = ¢¢ ’»
tg(p) — — sin(ae™? + &), p — —00, plane-wave
a

tg(p) — Ae™?, p — +00 “constant R”



u-channel co-scattering
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_18_

a = g%/(4r) = 0.1

[S. Kim, HML, B. Zhu, 2021]
, total cross section

—> Self-scattering for SRDM is velocity-dependent.



Other channels for SIDM

s-channel -19-
®1 01

\ ________________ |

e (L4 oZ) — ) + T3
¢1 ¢1

u-channel mass: M = 772.-2\/2 — % —> Mo < 2my

1
off resonance
t-channel
qbl 5 ¢1 Mo X 2M

No enhancement

P1 ol




Models for u-channel
resonances



DM annihilation

2—2 annihilation

¢2 --------------- ¢1

_20_

Annihilation of heavier

b1 DM is always present
in u-channel models.

(P e ¢1
« X
0] .
b1 X D1
Need to annihilate lighter DM u-channel

X : extra mediator ’ Sommerfeld enhancement



DM annihilation

3—2 annihilation

_2‘]_

u-channel

P1 e ' .
e o ~
e > > ! (4m7 — m3)*

; 5 s-, u-channels enhanced
P1 % at tree level.

. .
-----------------------------------

No enhancement

1

Focus on 2—2 annihilation for
O1 D1 WIMP-like DM.



DM relic density

my=200GeV=m->/2=2myx, a=0.1, ax=0.009

_22_

Dark photon portal:

ol gbl\
qb;}g;;;% """ b X

0.001 -

~ Dark photon in thermal
equilibrium with SM plasma
Q > Qx : large self-coupling
» (OV) pspo—drdr > (OV) 197 X X
aYy —2( 12 2 —2(y2 eq)2
= () e (v - () Y ~ 2Y5 : equal abundances
— p1z°Y; (Yf - (};;gq)“ Y;z) — por Y3 (Yf - (YfQ)?),
D o na (1 - ¥F) — X2 (Vo - ¥59) mg =~ 2m; :strong u-channel resonance

1 5 2 (Y79
+ 1T Y1<Yl - Yl Y))

[S. Kim, HML, B. Zhu, 2022]



DM relic density

my=13GeV=m»/2, mx=5GeV, a=0.00032, ax=0.04

_23_
Dark photon portal:

| D1 <b1\
ng}gT;"q% """ o X

= . Dark photon in thermal
equilibrium with SM plasma
o o < ax : small self-coupling
T w W » <O-U>¢2¢2—>¢1¢T < <UU>¢1¢>{_>XX
X=m,/T
My 22 (47 - V) = M2 (V] - (V7)) L. .
&z PR Y1 < Y> : hierarchical abundances
— Y3 (Yf - Yl_ch Yg) — porTY; (Yf’ - (Y1°Q)‘~’),
U2 — (47 - VP) - dsa i (Y - V59) ma =~ 2m; : mild u-channel resonance

1 -5 (77
+Zp1:17 Y1<Y1 — Yl.z Yv)

[S. Kim, HML, B. Zhu, 2022]



Indirect detection

Cosmic ray from semi-annihilation:

_24_

by | X Leptons boosted in galactic center frame
Ef:iEf(l—U\ cos )~} E;=
’W\ )
5 5 N4 Box-shaped positron energy
1 1 Fermi-LAT & AMD-02
] B . cf. gamma-ray from
d Fermi-LAT, HESS, etc.

AEf=uvxyx mx

CMB recombination & semi-annihilation:  [S.Kim, HML, B. Zhu, 2022]

N 1 Leptons injects energy to CMB photons
06} i . ‘:ggi . —1
s [ ! i RN 1 3 fﬂ' 1 mo
04l J A eeseeasi] ov , < 4x 107 em?/s : :
N ; by 33383&!2? < >d>1d> —01 X / (O 1) 7’1(1 — '7’1) (100 GOV)
N K — | [ 4, B, 2fete e
T w _w —w o Efficient factor: fer(m)= - = , 11 = 1/Qpm

[T.Slatyer, 2015]



Indirect detection

Benchmark models [S. Kim, HML, B. Zhu, 2022]
ma ~ 2mq mx Qo ax .'I’ (Uv)gl do—3by X 1 So A O self / Meff “.
(GeV] GeV] | =L — %};— : lem3 /s = %\1 =1—- g2 [em?/g] E
B1 200 50 0.05 0.0045!| 9.9 x 1027 0.5 4447 | 7.75 x 1074 0.014 :
B2 400 100 0.1 0.009 E 0.9x 10~%7 0.5 889 10~4 0.002 :
B3 26 5 0.00032 | 0.04 :| 2.0x 10-26 0.005 | 1336 | 5x 10710 0.003 :
B4 240 60 0.0032 0.03 “Is 2.0x 1027 0.075 | 7379 10-77 0.086 "I

-----------------------------------------

Consistency with CMB bound (& other indirect bounds)

— Either sizable mass splitting or small self-coupling.
Large u-channel resonances

— B4 marginally solves the small-scale problems.



Direct detection

Boosted DM from semi-annihilation: [S. Kim, HML, B. Zhu, 2022]

bo v  Light DM boosted from semi-annihilation

Moy ~ 2my = 1= (10m? — m%)/(6m3)

Flux for boosted DM (galactic center, NFW)

b1 ®1 N , )
@?.C. — 1.6 % 10—4011,1—28—1( <O-L>¢lc.i2_>d>l.;\ ) ((1 GOV) )7’1(1 _ Irl)
5x 10—26em?3 /s mi1mso
o Detection by DM-electron scattering:
> l _a3 9 10~ lem—2s—! Ny
o T I T AL P TA T S il TR
 wl T T i
& aof [ 1 E. =2m.vi = 3.6keV_~ m; =2my ~ 1GeV and 1 =~ :
20 — Bo
: il —_—> my = 1.99729m,
e e
B N Sommerfeld factor: So ~ 10
nergy [ke

XENONIT excess In tension with indirect bounds.



N

EFT for SRDM

u-channel amplitudes for general self-resonant dark matter:

_27_

dark matter scalar pseudo-scalar fermion vector axial-vector
scalar(¢) +4g2m;2b +492m§) i:?yf my (2m, — my) NA NA
pseudo-scalar(a) q:Q/\f. My Mg NA NA
fermion(y) NA $2g%,mx myr d:‘._)g%,m_\. (2m, — ma)
vector(Z') NA NA —Gg?\—mx (2mx — mx,) NA
axial-vector(A’) | NA NA NA
+ : fermion or anti-fermion
- N

Lu(p,q;p0',¢") =

2
(/227 =\ [22 @)+ ma(2my — ma)

[S. Kim, HML, B. Zhu, 2022]

Scalar-(pseudo)scalar DM, fermion-pseudoscalar(vector) DM

» co-scattering enhanced by u-channel resonances



Triple SRDM

® Take three component dark matter with masses, m; (I=1,2,3).
‘Cint — —QQ 7711(251(,52@3 + h.c.

O] — P1 0 R ¢3
¢3 ¢1
P1 ——— e P2 (3 ——trrmnes P2
u-channel resonance masses: [S. Kim, HML, B. Zhu, 2022]
. . | m. . .
M = ] % \/ m3 — (my, — my)? M = \/ i \/ mi — (m3 — my)?
M=0: m3=|m— ms M=0: my=|m3— ms|

» u-channel resonance conditions are generalized.



Conclusions o

Non-perturbative effects are important for precise
calculations for dark matter self-scattering and
annihilation.

Dark matter co-scattering undergoes a delayed
interaction due to u-channel resonance, being
enhanced without a light mediator.

Non-perturbative scattering amplitude for two-
component dark matter is obtained a la Bethe-
Salpeter.

Multi-component dark matter models with u-channel
resonances are identified; interesting signatures for
DM co-scattering, indirect and direct detection.



