Self-Resonant Dark Matter: Frameworks and
Models
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Motivation for self-resonant dark matter
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Motivations for self-interacting Dark Matter

There are some mismatches between ACDM and observations:

Core-Cusp Problem, Diversity Problem
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Particles get scattered out
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of dense halo centers
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Building up Self-interacting Dark Matter

What scattering cross section value is needed?

» Rate equation:

scat — re m ~ 0.1 -t Pdm Urel U/m
Rscat = Ovretpam /m % 0.1Gyr ><<0.1M@/pc3) <50km/s 1om?/g

» Figure-of-merit:

3
o/my ~ 1 cm?/g ~ 2barns/GeV ~ (ﬁ)
e

Astrophysics points to dark physics at the MeV-GeV scale Motivates searches
for light dark states but doesn't say how they couple to SM

Discover the world at Yantai University 4/23



Particle physics of self-interactions

» WIMPs have self-interactions (weak interaction):
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» WIMP self-interaction cross section is way too small
o/my ~ 107 ecm?/g

» Large cross section required

» Mediator mass below than weak scale
mg ~ 1 —100MeV

Self-interactions require new dark sector states < 1 GeV: Existence of light
mediatior
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Conventional approach: t-channel resonance

Consider dark matter and mediator with masses, m1,m2. Triple coupling for
dark matter and mediator:

Lint = —2gm1¢2 |¢>1|2

Elastic 2 — 2 scattering in t-channel
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w=py—py~0: “Instantaneous” interaction

Need of a small mass mso for enhanced t-channell Resummation of ladder
diagrams: Sommerfeld factor
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Strong Bounds on light mediator

Light mediators enhance dark matter annihilations/detection from
non-perturbative corrections:

Strong constraints from indirect detections and CMB ionizations.

Planck excluded

102

my [GeV]
Overclosure and/or
gamma ray background

[Bringmann et al, 2016]

Way out: generate non-perturbative correction without light mediator
[} = =
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General Framework for self-resonant dark

matter
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Our approach: u-channel resonance

Take two component dark matter with masses m1, ma. Triple coupling
between dark matter:
Ling = —2gm1¢p2 |9251\2

Elastic 2 — 2 scattering in u-channel

b2 i — q P1
¢1 fu(P, ar.d) = %
¢1 q oy 92 [S. Kim, HML, B. Zhu, 2021]
w=po—qy ~mag—mi #0  “Delayed” interaction

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

Resummation of ladder diagrams is also needed. The particle itself became a
mediator and present resonance. That is why we call it ‘Self-Resonant’!
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Non-perturbative scattering

Non-perturbative scattering in u-channel:

é1 , h G1 - # m——q»— &
“ud q_- g : 5 .
@ = oy + b1y @
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b2 ¢2 P2 ------¥ b2 b2 - ’p’ L 2

_ d'k -
il (P, ap’, q') =il (p, ap’, q')*/ WF(ZL a;p+a—k, k)G1(k)G2(p+q—k)T (p +aq -k kip, q')

Bethe-Salpeter wave function: (Tree-level contribution ignored)

X (p,q;p’, q’) = G2(p)G1(q)T (p, ap, q') = x(p, )
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Bethe-Salpeter equation

P Change of variables:

1 x(p, q) = X(P, Q)
P=gto, Q:M(m727m71>*>{ X(p+aq—k k) =% (P, 2P —k)

» BS function in terms of new variables:

iX(P,Q) = G2 (Q+—P) ( Q+m—2 ) g’;;r(p,q,wq—k X (P.K')

»  Tree-level amplitude:

T(p,g;p+q—k, k)= — 49221% =U
( :Zé@+ ,/%k’) + ma (2my — m2)
» BS wavefunction in momentum space:
~ - di
Ins@ = [ T2xp
Finally, we obtain BS equation
. = QO d3k’ _ -,
Wps(Q) = — 7G2 (Q_’_ip) < Q+W72P>/WU7¢)BS (k)
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Reduce Bethe-Salpeter equation into Schrodinger equation
Non-relativistic limit P = % (m1+me+ E,0),Q = (Qo, Q)

dQ 21 20 i
/Tﬂ_OG2 <Q + nTlP> G (—Q + m—QP) e~ (E - Q)

Then, BS equation becomes:

Q’ | &K
(Q,u B E) ¥ps(Q) = T dmimea / (2m)3 UwBS ( )

or in coordinate space:
1 2 S ma
—-—V"—-F
( QILV ) ’lﬁBS(x) ( )’L/)Bs ( — )

Notice a huge difference in wave-function with t-channel:

¥ (—mz/max) filpes sign and has additional dependence
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Delay differential equation

Expand Bethe-Salpeter in spherical coordinate:
Uns (@) = Ru()¥"(0,) = vos (- 122) = (-0'Re (220 ) ¥i7(0.0)
mi mi

Focus on the radial part: R(z) = w(z)/z, a= 2%l ph=72 and ¢ = 24

[ my o

(di - 1)) (@) + X () (b) + (@) = 0

dx? 2 bx

» Attractive for [ = even, repulsive for [ = odd

» Effective mediator mass: M = mo,/2 — % — 0, ma2—2my

» Make use of x = exp(—p) to obtain the canonical delay differential
equation:

~11

o (p) + tig(p) + 2¢ it (p — In2) + a’e” *iig(p) = 0
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Implications after solving delay differential equation: Sommerfeld
enhancement

Imposing the boundary conditions and considering s-wave:
to(p) — %sin (aefp + 50) , p— —00,
Uo(p) — Ae™”, p— 40
Sommerfeld fator is )
g WesOF _ o
[Ypert (0)]

with Effective mass A =1 — % >0

10°;

101,

A=10"2

T

Vrel
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Implications after solving delay differential equation: u-channel
Self-scattering

Self-scattering for SRDM s velocity-dependent
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P12 — P1p2: 0 = i—’; sin? 8y, s-wave cross section
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Models for u-channel resonances
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Classification of dark matter annihilation

» 2 — 2 annihilation:
> paa — P1¢1, no Sommerfeld enhancement at initial state.
> P11 — XX, X is extra mediator for ¢1, in order not the threaten BBN

and CMB

> P12 — $1X, Sommerfeld enhanced!

» 3 — 2 annihilation
> p1p101 — d1¢2, s and u-channel enhanced.
> p1p191 — ¢X, phase space suppressed.

Good enough to derive the Boltzmann equation
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Dark matter relic density

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

my=120GeV=my/2=2my, a=0.0032, ay=0.03
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Two-component dark matter can be equally abundant.
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EFT for self-resonant DM

dark matter scalar __ pseudo-scalar fermion vector axial-vector
scalar(¢) +4g°m? +4g2mg +2y2my (2my — mg) NA NA
pseudo-scalar(a) - - F2X2myma NA NA

fermion(x) - - NA F2g%,mymz +297% my (2my —mar)
vector(Z") NA NA - —6g%mx (2mx —mx;) NA
axial-vector(A’) NA NA - - NA

Table 1: Tree-level amplitudes for elastic co-scattering for multi-component dark matter with
minimal couplings, divided by the u-channel propagator. When there are two signs, the upper
(lower) sign denotes the fermion (anti-fermion) scattering. “NA” implies that the processes are
disallowed or velocity-suppressed. For vector (X)-vector (X3) scattering, we consider gauge bosons
in a non-abelian gauge theory in the dark sector. Here, X is a complex gauge boson and X3 is a
real gauge boson. We remark that the overall positive sign implies an attractive Yukawa potential

for the s-wave scattering.

Scalar-(pseudo)scalar, fermion-pseudoscalar(vector) lead to u-channel enhanced
self-scattering
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Conclusions

» Non-perturbative effects are important for understanding dark matter
self-scattering and annihilation.

» Dark matter self-scattering can be delayed due to an u-channel exchange of
dark matter, mimicking a long-range interaction without a light mediator.

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

» Multi-component dark matter with u-channel resonances identified;
concrete model building anticipated.
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Back up
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Notations

» Gi(q), (i =1,2) : particle i propagator with momentum transfer g, P

» iI: 4 point vertex via single vertex exchange for ¢ = Df2 — Pi1

4im3 g* :
7q2—717312 ~ dimig® [mg (2my1 — ma2) (,/ —Pr2 — 4/ p“) ]
1

Note that ¢ always mediate u-channel interaction.

» iI: total 4 point vertex
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Bethe-Salpeter Equation

This is What we are going to calculate. To confirm whether enhancement
occurs or not.

Pa Pa P Py oy Pr
Pa Pr2 Px P Pe2 P:, Pp2

iC(pits Pios Pris Ppa) = J ' —— TP, s b pit + P = G (RGP + i = KT ks piy + P = K3 pp1, )

'HT( 4P flapfz) Seems like Integral Form of Schrodinger equation

Approximation. First order contribution is much smaller than higher-order
terms
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