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Dark Matter is only observed through its gravitational imprints from galaxy scales to the C\VIE

Huge landscape of DM candidates
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What is a good DM candidate?
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Dark Matter is only observed through its gravitational imprints from galaxy scales to the CIVIEB
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Yet, a simple cosmological behavior during structure formation:

@ Cold
@ Electromagnetically neutral
@ Collisionless ... at least at large scales
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ACDM
At large scales, successful, but at scales < Mpc, N-body simulations # observations: Small-scale problemsli]

Possible small-scale deviations from collisionless DM

[1] arXiv:1707.04256 Athens Xmas Workshop in Theoretical Physics - 2025



Self-Interacting Dark Matter (SIDM)

ACDM
At large scales, successful, but at scales < Mpc, N-body simulations # observations:

Possible small-scale deviations from collisionless DM

For example in Dwarf/LSB galaxies:
the core vs. cuspl2l problem

Central density
cusp predicted by
cold dark matter

Observed

Dark matter halo
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Self-Interacting Dark Matter (SIDM)

ACDM
At large scales, successful, but at scales < Mpc, N-body simulations # observations:

Possible small-scale deviations from collisionless DM

For example in Dwarf/LSB galaxies:

[2]
the core vs. cusp/?l problem Heat transfer through DM collisions:

softens the DM density profile in the
central region

Central density
cusp predicted by
cold dark matter

Observed

Light mediator!4! X : %

velocity dependent :
Dark matter halo cross-section X ' X
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Built-in dissipative channel:
Radiative processes

Minimal dSIDM modelsil2] ——m

»
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75[ ¢’ Short-range: 11, > | k|
X : X

4
[1] arXiv: 0810.5126 [2] arXiv:1807.04750 [3] arXiv:2410.06252 [4] arXiv:1412.1839 [5] arXiv:1303.3271
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Built-in dissipative channel:
Radiative processes

Minimal dSIDM modelsiii2] —————» - «— Complex DM sectors
¢ .

X —— X

I?I ¢ Long-range: 771, << | K| Could have many impacts:
X : X . .
@ evolution of super-massive black holesis]
¢ @ formation and history of dwarf galaxies!?l
X —— X
>4, - : i AN [5]
’ I b Short-range: 771, > %) @ dark disk formation
X : X

This talk: a systematic study of minimal dSIDM models and their dissipative rates

4
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6 dSIDM models

» DM candidates: from scalar S, Sto fermion X X
@ Emission V,,, ¢ : gauge vector or scalar (massive)

@ Mediating forces: long-range V., » and short-range Vé’ o}

_ _ _ Born regime
Heavy mediator Light mediator

9192|14 <1 9192 <1 Wi f = o' £ T

Mg v Vi f ﬁ

Tree level

Quantum Field Theory
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6 dSIDM models

» DM candidates: from scalar S, Sto fermion X X
@ Emission V,,, ¢ : gauge vector or scalar (massive)

@ Mediating forces: long-range V., » and short-range Vé’ o}

V,uagb...--" meb,-"' Slagl Slagl
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M — . V/E/),¢(’) + Vu(/);(fb(/) + ‘/"u7 ¢ n ' ..........
X2 —O A X2 So, 59 ‘ 527512 / ) X2 : X2
52,52 S5, 55
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Vird ot = (0,7 Vi 5.5 5.6

X1 —0— o— X1 S1, 5, 0 S, S X1 y X1
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X2 —© E @ X2 Sz,gz Q 527§2 / N\ ~ ..... X2 : X2
S2, 52 S5, 55

Small cosmological structures: v; < 100 — 1000 km.s™*

Y

— C = ]. —
Light mediator: m < | k| ‘ Heavy mediator: m > | k|

5 Separation of scales in 0,
. . 1
Di ™ phUgyd Y (U5 the CM <1
My v
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Quadrupole emission amplitude is suppressed by 7. 7 ~ v; compared to dipole

Textbook discussion: Lectures on Quantum Mechanics, Steven Weinberg 8
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Textbook discussion: Lectures on Quantum Mechanics, Steven Weinberg 8

V-emission: arXiv:2007.06592v3, Cb—emission: arXiv:2303.00778v2
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Details about the nature of the emission/DM candidate are velocity suppressed at dipole order
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dy1dy m?  m3

10
Athens Xmas Workshop in Theoretical Physics - 2025



c=1 ,
— A~ UV W N~ LD
Small-scale structure: v; < 1072 u,

Mo_ g M(’)(v;3) + M(’)(vi—z) T i

L

2
a1 ao .
Quadrupole emission <|/\/lg|2>q = a%a% 5 5 G(a, B, Vi f #) Model dependence arises
dy1dy m?  m3

%
Spin effects are X1X2 = X1X29 Annihilation channels

suppressed S:Sy — 519,V V1% — Y1 Yoo are suppressed
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Massive emission: the emitted particle carries a mass m; v ! W
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e=1

Mo 3! M O(Vi”)+ \Y O(Vin! 1)+

e ~—

Dipole emission Quadrupole emission

Massive emission: the emitted particle carries a mass m; v ! HViZ

1,15V glgg — g1§2¢ X1X2 — X1X2¢

S1S ! 515 S1.52 — 51520 X1X2 — X1X29

Conserved current + Ward identity: common kinematic mass-dependent corrections
at dipole and quadrupole order

my
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el Mpy =
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e=1
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Dipole emission Quadrupole emission

Massive emission: the emitted particle carries a mass m; v ! HViz

1,15V glgg — g1§2¢ X1X2 — X1X2¢

S1S ! 515 S1.52 — 51520 X1X2 — X1X29

Conserved current + Ward identity: common kinematic mass-dependent corrections
at dipole and quadrupole order

my,

U ™m
MD,d’ E,(/L)M — V|2q| AMQ(’ITL¢)

el Mpy =

——— Does not hold for the transverse modes of V-emission
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Light mediator Heavy mediator
N /

X1X2 = x1x2V §1§2 — §1§2¢ X1X2 — X1X2¢

S159 = 515V S159 — 51520 X1X2 — X1X29

l Non-Relativistic framework

The amplitudes of the
dSIDM models exhibit model-independent features at different levels
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Light mediator
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Scattering of distinguishable particles

Heavy mediator
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Light mediator
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Scattering of identical particles: double the dissipative channel contributions
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Impact on structure formation arXiv:2500.12317v

|_ Dark Matter Halo
In halos, DM can be treated as a non-degenerate Maxwellian gas

1 3

S I .2" —_  — =

WV = oke T .

Galactic Bulge /
Galactic Disk

Vd . I

] HB/ 2 !

Depends on the microphysics

The energy per unit of time lost by the system

U= Uy 1+ Uy o+ Uy 2
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Light mediator Heavy mediator
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The long-range processes dominate the dissipative dynamics
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Light mediator Heavy mediator
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The long-range processes dominate the dissipative dynamics

At each multipole order and for each mediation regime, the differences between dSIDM scenarios remain mild:
typically within one to two orders of magnitude for comparable couplings and masses
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Light mediator Heavy mediator
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Massive emissions naturally modulate the dissipative effects
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We offer a catalogue based on a variety of dSIDM models

Energy loss rates and energy differential cross sections ————»

€ Gauge emission V ( fov = 2) Scalar emission ¢ ( fov = 1)
S189— 5,550

dSIDM SxxV| 818,088V X T XaXed S1927 91920,

XXz XXz s 1 X1X2 > X1X29 S159 = 51520
Dipole radiation
Mediation
Long-range LO (5.6)
Short-range LO (5.8)
Quadrupole radiation
Distinguishable particle scattering {a, 5}
Mediation
Long-range: NLO (5.6) {3/4, 13/4} {1, 6} {1, 11}
Short-range: NLO (5.8) {3/4, 1/4} {1, 7} {1, 2}
Identical particle scattering
Mediation
Long-range (5.14a) (5.15a) (5.14b) (5.15Db)
Short-range (5.16a) (5.17a) (5.16b) (5.17Db)
Additional radiation processes
Mediation

Vertex: (5.7), (5.15¢)
Long-range - Contact: App. B.1| VIB: (B.8)  Contact: App. B.1
VIB: (B.8)
. Vertex: (5.9), (5.18)

Short-range — — VIB: (B.15) VIB: (B.15)

20

w (do/dw) | Gauge emission V (fyy =2) | Scalar emission ¢ (f, v =1)

X1X2 = X1X29 515951529,

dSIDM e e - =
X1X2 —* X1X2¢ S185 — 51550

X1X2 = X1x2V ‘ S§155; = 5,8,V

Dipole radiation

Full spectrum (massive emission)

Mediation
Long-range (3.28)
Short-range (3.32)

Soft spectrum

Mediation
Long-range (4.12b)
Short-range (4.12a)

Quadrupole radiation

Distinguishable particle scattering {a, 5}

Full spectrum (massive emission)

Mediation
Long-range (F.9) (F.14) (F.16)
Short-range (F.19) (F.22) (F.24)

Soft spectrum

Mediation
Long-range: (4.26) {3/4,13/4} ‘ {1,6} I {1,11}
Short-range: (4.25) {3/4,1/4} {1,7} {1,2}

Identical particle scattering

Full spectrum (massive emission)

Mediation
Long-range (3.43) (3.46) (3.47) (3.48)
Short-range Sec. 3.5.2 (3.50) Sec. 3.5.2 (3.52)

Soft spectrum

Long-range (4.27a) | (4.27b) | (4.29) | (4.28)
Short-range Sec. 4.4

Additional radiation processes

Mediation

Vertex: (3.37), (3.49)

Long-range - Contact: App. B.1 | VIB: (B.6), (B.10b) | Contact: App. B.1

VIB: (B.6), (B.10a)

Vertex: (3.42), (3.53)
VIB: (B.14)

Short-range - - VIB: (B.14)
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We offer a catalogue based on a variety of dSIDM models

Energy loss rates and energy differential cross sections ———p

é Gauge emission V (fsy =2) | Scalar emission ¢ (f,y =1)

5,8, 5,5,V X1X2 = X1X29;

dSIDM —Xx1x2V X1X2 = X1X
X1 X2 7 X1X2 X1X2 = X1X2¢

5152 = 51529,
5152 — 5159

Dipole radiation

Mediation

Long-range LO (5.6)

Short-range LO (5.8)

Quadrupole radiation

Distinguishable particle scattering {a, 5}

Mediation

Long-range: NLO (5.6) {3/4, 13/4} {1, 6}

Short-range: NLO (5.8) {3/4, 1/4} {1, 7} 1,2
Identical particle scattering

Mediation

Long-range (5.14a) (5.15a) (5.14b) (5.15Db)
Short-range (5.16a) (5.17a) (5.16b) (5.17Db)

Additional radiation processes

Mediation
Long-range - Contact: App. B.1| VIB: (B.8)
Short-range - - VIB: (B.15)

Vertex: (5.7), (5.15¢)

Contact: App. B.1
VIB: (B.8)
Vertex: (5.9), (5.18)
VIB: (B.15)
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w (do/dw) | Gauge emission V (f, v =2) | Scalar emission ¢ (f,y = 1)

X1X2 ™ X1X29; S152— 51529,
dSIDM — Vi 515,—=8588V el N
XIX2 77 X1X2 P X1X2 = X1X29 515551550
Dipole radiation
Full spectrum (massive emission)
Mediation
Long-range (3.28)
Short-range (3.32)
Soft spectrum
Mediation
Long-range (4.12b)
Short-range (4.12a)

Quadrupole radiation

Distinguishable particle scattering {a, 5}

Full spectrum (massive emission)

(F.9) (F.14) (F.16)
(F.19) (F.22) (F.24)
{3/4,13/4} {1,6} {1,11}
{3/4,1/4} {1,7} {1,2}
entical particle scattering
Full spectrum (massive emission)
Mediation
Long-range (3.43) (3.46) (3.47) (3.48)
Short-range Sec. 3.5.2 (3.50) Sec. 3.5.2 (3.52)
Soft spectrum
Long-range (4.27a) | (4.27b) | (4.29) | (4.28)
Short-range Sec. 4.4

Additional radiation processes

Mediation

Long-range -

Short-range -

- VIB: (B.14)

Vertex: (3.37), (3.49)

Contact: App. B.1 | VIB: (B.6), (B.10b) | Contact: App. B.1

VIB: (B.6), (B.10a)

Vertex: (3.42), (3.53)
VIB: (B.14)
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Conclusion

Small-scale problems in ACDM DM could be self-interacting SIDM includes built-in effects:
may hint at missing physical mechanisms on small cosmic scales dissipation

A unified and complete treatment of dissipative processes is needed across all minimal SIDM models

In this talk, we have:
Studied a set of dSIDM models using QFT in a perturbative regime

Reconstructed the dipole and quadrupole pieces of the emission amplitude

Investigated the case of massive emissions

Found that model-independent features arise from the non-relativistic framework

Application: Constrain the parameter space of the SIDM model and the formation of small-scale structures

Next step: Study non-perturbative effects beyond the Born regime for these models
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Backup: Small Scales Problems

SIDM+ baryonsl2l:

Diversity Problem [l

Dwarf galaxies exhibit a wide range of rotation curve shapes. 1007}
Not all of them are cored; some are in agreement with {CDM

80t
ICDM profile
| 1 | | E 60 -__
s
—_ - =
N1~ I g el TVUTRTITEN. Y e I = —~
; > 40 UGC05721
ivj I ' $ UGC08490 |
o ¢ NGC1705
~" 15[ /8 DMO sims: LG-MR + EAGLE-HR, ] O MO sims: LG-MR + EAGLE-HR, ¢ UGC07603
10 | 7./‘ - V,..=39kms ' +£10% [1165] | 20 — V. —80kms ' +10% [149] 20" § UGC05764 |
i Hydro sims: LG-MR + EAGLE-HR, dro sims: LG- -HR,
5 ‘ — 1/;1;:033”1?; st +10% [938] , - ;X\X:SSO klsn :E hiﬁJX*Eﬁc‘;‘;? " & 828(())56;150
O | I I I O ' | l | | l (]
O 2 4 6 8 1( . 0 2 4 §) 8 10 12 14 I IC2574
Radius [kpc! 0 . . . . .
: 0 2 4 6 3 10 12
Even more cuspy than !CDM profile .
PY P Radius [kpc]
[1].arXiv:1504.01437 [astro-ph.GA|] 22

[2] arXiv:1911.00544v1 [astro-ph.GA]



arxiv:2509.12317v1

Backup: Soft emission

NR = separation of scales ! ! O(uvy)

X1 5 X1

Soft factorization of the amplitudes ! ! 0 and massless emission : Yo Y2

Mo 3= Mo 2! B
Sl,Sl 31751

SQ, SQ SQ, SQ

! pn 8" (q) Mn . Yo An
| _ ! — + ! ,
i o &g i G ag T 2m, " 2py &g
The soft energy differential cross-section is derived in the limit V| ! Vs |
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Backup: Soft emission

NR = separation of scales ! ! O(uvy)

Soft factorization of the amplitudes! ! 0O
Mo 3= Mo 2! Esoft

Dipole emission Quadrupole emission

2u | _ 21
<|MD‘2>Q — <|MD|2>€1 M ql Q soft M Q™

soft

\4

1) Full 2-3 kinematics

24

[f v HEVE S of (M)

1d"/d!

=
Q
N

arxiv:2509.12317v1

- Short-range

- Dipole

Quadrupole

Q
W

— S182 $ Slszv,

- —— %|Mp
™ s %lMD,

$5,% $:$5,V

H B 7
Soft! Hard! |

ol &

Q | 2&ﬂsoft

| lllllll

10 °

10 % 10°
x = 2!/ (uv?d)
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arxiv:2509.12317v1

Backup: Soft emission

Long-range 1T K
Soft! Hard!

NR = separation of scales ! ! O(uvy)

Soft factorization of the amplitudes! ! 0O

Mo 3= Mo 2! Esot

Dipole emission Quadrupole emission

2u | _ 21
<‘MD‘2>61 — <‘M”D|2>q M ql Q soft M Q™

soft

1) Full 2-3 kinematics

2) Corrections on the real exchange momenta B (] \% 5 %o, 28q! Soft |
I 2 — %|Mp o|*&
7 |kelastic| | ] | L IONAN
Esoft \Corrected — 12 En, soft 10 2 10 1 10
" " x = 2!/ (uv?d)

Additional corrections are necessary to recover the correct low-energy behavior at quadrupole order.
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Backup: Soft emission and Born regime

alaze' ”]! ’V I
4l r

Non-relativistic scattering: the mediating force can be expressed as a Yukawa potential V(') =

Heavy mediator
lazay | |

11
41 m, VA

Ratio of the range of the potential to the would-be Coulombic Bohr radius b=

Light mediator  Coulomb-like potential
lazay] |
4" V|,f :

1

The Sommerfeld parameters for the initial and final states |!if | =

Multiple emission

The Born (single-emission) regime, in which virtual soft corrections can be neglected and bremsstrahlung is a

perturbative correction to elastic 2! 2 process correspondsto | | 1
1 Q - d 6 . . . ' 2

pol
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Backup: QM operator emission

Y ngb.....-"q“ — (w,cj)
€ —— ¢ X1 —— X1
‘ YO0,
€ E € X2 5 X2
Teovyi =1 2LI(E Y Ee U #)"$r |a(B0&) Vine |$i#

- Z gn/mnA(xn) " Pn

V -emission 7;% X \/* < f| P

¢-emission  Tp; X Y3 <90 7 | 6—iur°q/m1 ©:) + Yo <<P 7 | T ™2 ©;)

Textbook discussion: Lectures on Quantum Mechanics, Steven Weinberg 57
V-emission: arXiv:2007.06592v3, Cb—emission: arXiv:2303.00778v2 Athens Xmas Workshop in Theoretical Physics - 2025



Backup: vertex emission for scalar DM o, .

1O

527§2 SZ)‘§2

_ | O 1~ - 1 1~ -
Low= D {—ijjxjcb— STi%; CXi0 = Aj|S;1°0 — S A;850 — SA|Si°0° — 72;55¢ }
7=1,2

Light mediator Heavy mediator
Evertex = Mg (A1 Ay + Ag);)? 48#7/21\;))2/;m%m§ Evertex = M1M2 4;2— (A1Ag + A\ )2 - /Zii;;;i )
Same T-dependence as Quadrupole emission.
Cr ~ 42.7 for k = ¢X1,2(5_21,2)~. €0k s uzm%mg}% Cy =64 for k = ¢ x12(X1.2)

' (Ao + Az>\1)2

Ck ~ 53.4 for k = VXI,Z(SI,Z) Cvertex Ck‘ = 160/3 for kK = VXl,Q(Sl,Q)
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Backup: massive emission

Stlckelberg-type massive vector field

Conserved current

1 q .
e q,w_) (L) _ (L) pqpe — W iy i TV 0
(L) my (' ‘ ‘q‘ e M € L M g QM ‘Q‘ M
g M" =0
Model independence of the massive-correction terms: Quadrupole
Dipole
(L) v Myld
v m — A
el Mpy = ﬁMD,cf) ey M m2 Mq(my)
0 l 0 |Q\2
Mpy = —Mp, My, g = =5 AMg(my)
Mg
J\) Jos1 = Jgs3 = —A1A;
Mg)) = | k’T2 (1 —|—sz-1 + C’(mi,v)v,&-2 —I—(’)(v?)) »> o »>
V, — Ve[ mw
({)) ! J‘Ofx,n = 49%92m1m2 [2m1 + 2(En R ml) + nnw] 531,33532,34 + O(Uf)
KL (14 B 4 Ol el + O(uh)) oM ,
|Vz' — Vf|2’m,1w ’ Jqﬁx,n = _4y1y2m1m2 (2m1 T nnw) 531,33532,34 + O(Uz )
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