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Dark Matter is only observed through its gravitational fingerprints from galactic scales to the CVE

Gravitational observations do not select a preferred DM mass scale: huge landscape of candidates




What is a good DM candidate ?
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Dark Matter is only observed through its gravitational fingerprints from galactic scales to the CVE
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Huge landscape of DM candidates
—  This talk: Hidden Sector DM
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Yet, a simple cosmological behavior during structure formation:

@ Cold
@ Very weakly coupled to visible matter
@ Mostly collisionless




ACDM
At large scales, is highly successful, while on galactic and sub-galactic scales, several persistent tensions remain

Possible small-scale deviations from collisionless DM

Review: Rev. Mod. Phys. 97, 045004



Self-Interacting Dark Matter (SIDM)

ACDM
At large scales, is highly successful, while on galactic and sub-galactic scales, several persistent tensions remain

Possible small-scale deviations from collisionless DM

Example diversity in rotation curvesi?l
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Self-Interacting Dark Matter (SIDM)

ACDM

At large scales, is highly successful, while on galactic and sub-galactic scales, several persistent tensions remain

Possible small-scale deviations from collisionless DM
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Example diversity in rotation curvesi?l
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Hidden sector:

X

X

Heat transfer through DM collisions

\4

Thermalization of the halo’s inner region



Flow inward

Dark Matter Density (M@/kpc3)

Initial NFW halo Thermalized inner halo

—_————)

Core expansion phase Time

Once thermalized!!:

¢tot (T) - ¢t0t (O) )
kT

PSIDM X Po€XP (

¢tot — ¢DM =+ ¢baryon

[1]. Review: Rev. Mod. Phys. 97, 045004, [2] arXiv:1705.02358
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For examplel?l, in dwarf galaxies:

... Cusp NFW profile
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Flow inward Flow outward
Self-gravitating
system
Gravothermal
Initial NFW halo Thermalized inner halo collapse
Core expansion Core collapse
Time

Depending on the history,
concentration, cross-section...

For example:
o

— ~ 0(1) Cm2/g : tcollapse > thalo
My

T~ O(50) cm?/g : teottapse ~ 10 Gyt
Ty

ArXiv:2407.15005



120 - — DDO0154
g —— ES0444-G084
F574-1
‘ NGC0300
w 80- —— NGC3109
§ e UGC00128
v 60- —— UGC06446 el
(> UGC06667
40 - — UGC08286
e NGC4376
20 4f e NGC4396
—— NGC7320
_ o/m =40 cm?/g — UGC04169
0 2 a2 & 8 10 12 14
r (kpc)
Core expansion phase Core collapse phase Time

S

ArXiv:2407.15005



Flow inward Flow outward
Self-gravitating
system
Gravothermal
Initial NFW halo Thermalized inner halo collapse

Light mediatorl']

X ; X

o,V velocity-dependent cross section
X : X

The constraints are scale dependent, each with their own phenomenologyl2l:

Dwarf galaxy scales v, ~ 10 km/s  Galaxy scales v, ~ 100 km/s  Galaxy cluster scales v, ~ 1000 km/s

4
[11 arXiv:1302.3898 [2] Rev. Mod. Phys. 97, 045004 (2025)



Flow inward Flow outward

Self-gravitating

system
Gravothermal
Initial NFW halo Thermalized inner halo collapse
dSIDMI1]
X ; X X X
l_c)I ¢ Light particles ﬂ . ¢
X ' X X ' X

1] Examples of simple dissipative dark sectors: arXiv: 0810.5126 arXiv:1807.04750



SIDM

Flow inward Flow outward

dSIDM

[1] ArXiv:1912.06757



SIDM

Flow inward

dSIDM

[1] ArXiv:1912.06757
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Flow inward

Large phenomenologic spectrum

dSIDM

Formation of Foggnrsgggt()f SE:)ZL%';QSSG
' [4]
dark disks substructurel! black holes!

[1] ArXiv:1912.06757 [2] arXiv:2410.06252 [3] arXiv:1412.1839 [4] arXiv:1303.3271



V,Lw ¢ q,u — (wa Cj)

X1 X1

V0,60

X2 5 X2

This talk: how the microscopic properties of the DM candidates shape the resulting cooling
IN minimal dissipative scenarios




DM candidates
@ Fermion
@ Scalar

X1X2 = X1x2V  XiX2 = X1X2¢  X1X2 — X1X29

.SQ — SlSQV glgg — §1§2¢ Sng — 5152¢

Two mediation regimes:

Long-range

Short-range

Emission/Mediation:

@ Gauge vector V

® Scalar ¢

Including massive emission

PV iV




DM candidates X1X2 = xX1xX2V  XiX2 = X1X2¢  X1X2 — X1X29¢
» Fermion . .
@Scalar .SQ —> Slsgv Slsg — SpSéQb Slsg — 5152¢

Two mediation regimes:
Long-range Short-range
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Emission/Mediation:

@ Gauge vector V

® Scalar ¢

Including massive emission

PV iV




In DM halos: v; < 100 — 1000 km.s™*

X1 : X1 . C C € - e
2k M
X2 E X2 € : e
Long range: myy <K \I—E\ Short range: My yr 2> | k|
! | ,—mgyp vT
Non-relativistic scattering: Vi(r) = p V(r) = P r=|T1 — 22

Trv,g)i = —2mi0(Es — By — w)(r]a(q; A)Vins|i)

Textbook discussion: Lectures on Quantum Mechanics, Steven Weinberg



Vi & g = (@, ) v

X1 5 X1 e 5 e
V.00 H 5
X2 : X2 € : €
Long range Short range
o _ CLlCLQ /! ./ —Me,vrT
Non-relativistic scattering: Vir) = 0 V(r) = a;aq€
Tr

41r

Trvay = —2mi6(Bi — By — w)(ts|a(d, \) Vw3

x a(@ N AZ,) - Pn | o< a(@N) () On(v;)

Initial and final states:
Ho |i(p)) = Eif |is))

Ho = Hyin + V(1) Model-dependent:
* nature of the emitted particle
DM candidates

Textbook discussion: Lectures on Quantum Mechanics, Steven Weinberg 8
V-emission: arXiv:2007.06592v3, Cb—emission: arXiv:2303.00778v2



Textbook discussion: Lectures on Quantum Mechanics, Steven Weinberg 9
V-emission: arXiv:2007.06592v3, ¢—emission: arXiv:2303.00778v2
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eiuf’.q’/mg 02 sz>

— — c = — 1
req~v; <l et — 1 iq—>,7:»_§(q»,,,:»)2

Tri = —i(2m)*8(E; — Ef — w)6®) (p1 + po — Pz — pa — Q)M

Dipole Quadrupole
aq a9 , aq | a9 :
M= (ml m2> 1Ol + (m% I m%) V1Oalt

Quadrupole emission amplitude is suppressed by 7. g ~ v; compared to dipole

Textbook discussion: Lectures on Quantum Mechanics, Steven Weinberg 9
V-emission: arXiv:2007.06592v3, Cb—emission: arXiv:2303.00778v2



VM’ ¢ q:u — (w, (j) Y .-

X1 5 X1 e
V60 H
X2 : X2 e
Long range Short range
o _ CLlCLQ /! ./ —Me,vrT
Non-relativistic scattering: Vir) = 0 V(r) = ayas€
r

41r

Tiv.e)i = —2mid(E; — Ep — w)(Wr|a(d, \) Vins|bs)

Initial and final states:

Hy |Yis)) = Eigry |%is))
HO — Hkin + V(T)

Textbook discussion: Lectures on Quantum Mechanics, Steven Weinberg 8
V-emission: arXiv:2007.06592v3, ¢—emission: arXiv:2303.00778v2



VM7¢.,.-°'°.QM — (w,cj) Y

X1 5 X1 e 5 A
i H :
X2 ; X2 & E €
Long range: my,, < | k|
a1a2
Non-relativistic scattering: Vi(r) = p—-
Tiv.e)i = —2mi8(E; — By — w){(¥¢]a(q, A) Vine i)
Initial and final states: Analytical solution X,(;:r) (7) = T(1 — iv;)ez ¥ eiPi T, (z’zxz-, 1: iC{)

. — . : —————————————————————— . e rise o
Ho |¢Z(f)> Ez(f) ‘¢z(f)> all orders in the Coulomb potential Xz(i'f)(f) =T'(1 +vy)e2" e "1 F (_ina 1 —ZCf)

10
Textbook discussion: Quantum Mechanics: Non-Relativistic Theory, Landau



VM’?.--'".QM — (wad) V,un¢ qu: (w’cj>
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o 5 Yo ) VIS I I R
Long range: my,, < | k|

=gl |
e

a1a2

Non-relativistic scattering: Vi(r) = p—-

Trv,g)i = —2mio(E; — By — w)(Wrlalq, A) Vine|thi)

Inltlal and ﬁnal states: Ana|ytica| solution Xz(a'j-) (f) — F(]- - 'I;I/’i)e%u’: 6?:15.?:.7_‘.1‘1:‘1 (,i’V’i7 1; ?’Cz_)
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The different scattering regimes are characterized by the Sommerfeld parameters: vif| =

471"07;,]0

10
Textbook discussion: Quantum Mechanics: Non-Relativistic Theory, Landau



Tr(v,e),i = —2mid(E; — Ep —w)(Wrla(q, A) Vine [1;)

100 Color shading: qualitative guide to the kinematic regimes Xl Xl
. / /
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e T
3 Quantum Field Theory,
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o M
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11
V-emission and Coulomb potential: arXiv:2007.06592



Trv,g),; = —2mi0(E; — By — w)(Wr|al(q, A) Ving 1)

VM? ¢ q" = (wa q)
X1

X1

Color shading: qualitative guide to the kinematic regimes
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V-emission and Coulomb potential: arXiv:2007.06592



Trv,e),i = —2mi0(E; — By — w)(¥y|a(q, A) Ving [¢i)
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: Particles moving along a
Color shading: qualitative guide to the kinematic regimes CIaSSical path
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V-emission and Coulomb potential: arXiv:2007.06592



For particles moving along a classical path, observables are obtained from:

o0 “+ o0
L (v3) | Sass. = /O dp 2mp / dt'I

— OO

Far from the source:

A= /;(t’ +Z-§)d°x radiated field acts as an b = L /ns(t' +7-§)d3x
outgoing plane wave 41 Ry

v; K C Long Wa\./eler)gth
approximation

Multipole expansion
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A2 Oy T | O || e e 8t'AXQ‘ |
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12
Landau & Lifshitz: the classical theory of fields



DM candidates
«» Fermion
@Scalar

Heavy mediator

9192\ 18
mqb’,V’

< 1

X1xX2 = x1x2V  XiX2 = X1X2¢0  Xi1X2 — X1X29

.SQ — 3152‘/ §1§2 — §1§2§b 5152 — S132¢

Light mediator Wy = 1P f T

9192| <1 —

Ui, f

13

Emission/Mediation:

@ Gauge vector V

@ Scalar ¢

Including massive emission

Tree level

Quantum Field Theory



DM candidates

X1

@ Fermion
@Scalar
V,LL7 gb 3
v, g0
X2 —o——0o

X2

X1xX2 = x1x2V  XiX2 = X1X2¢0  Xi1X2 — X1X29

.SQ — 3152‘/ §1§2 — §1§2§b 5152 — S132¢

VH’? Slagl Slagl
Slagl . Slagl
+ Vg0 + Viis ¢
Sz’gz ‘ 327§2 ~ ~

13

Emission/Mediation:

@ Gauge vector V

@ Scalar ¢

Including massive emission

X1 ; X1

X2 : X2




Vis g = (w,) Vi @ S8 5.5

X1 —O0— e — X1 S, 5 ¢ Sy, 5 X1 y X1
]_C)I V,u(/),¢(,) V,u(/)7¢(/) V,Lw ¢ ‘ ..........
X2 —© E @ X2 Sz,gz Q 527§2 / N\ ~ ..... X2 : X2
S2, 52 S5, 55

In DM halos: v; < 100 — 1000 km.s™*

S

Light mediator: m < | k| Heavy mediator: m, > | k|
. A2 Separation of scales in 10,
IR the CM — <1
Pi ILLC7 W M(C) qu/’V/C
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Vir b g = (w, ) Vi @ 1.5 51,8

X1 —O0— e — X1 S, 5 ¢ Sy, 5 X1 y X1
]_C)I V,u(/),¢(,) V,u(/)7¢(/) V,Lw ¢ ‘ ..........
X2 —© E @ X2 Sz,gz Q 527§2 / N\ ~ ..... X2 : X2
S2, 52 S5, 55

In DM halos: v; < 100 — 1000 km.s™*

S

Light mediator: m < | k| Heavy mediator: m, > | k|
. A2 Separation of scales in 10,
e AR IR (i the CM — k1
Pi ILLC7 W M(C) qu/’V/C




X1 —& S1, S ‘ 51, 91 ‘qb
Vi, V”’gb X2 5 X2
S5, S & Sy, S / _
" 7 77 52,5  Sh 5
M2_>3 = M (L)S _I_M@(;)Q =

18



- - X1 ; X1
51, 1 4 51, 01 O

X1 —©
. ..........
X2 —o 32732 ‘ SQ,SQ ~ ~
S27S2 ‘927‘92
M2_>3 — ./\/l (L)i% +M@(L>2 —+

.

2
a;  as ) mims  16fy v o A
W2 3w|T; — U2 i —=9Y95,Y; om;

Details about the nature of the emission/DM candidate are velocity suppressed at dipole order
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X1 ; X1
H R
Vi 6
A A U N Y e X2 : X2
O 4 -
S2,S2 SZ,SQ
a as \°
2 9 1 2 '
= a2a3 ( > 2) G, B, fui,f,w) Model dependence arises
my Mg

18



Xl : Xl

X2 : X2

Model dependence arises

%
X1X2 = X1X2¢ Annihilation channels

Y1X2 — X1X20 suppressed

18



Dipole emission /

M 2 5 = a//a,/ :ZC)\ i f/ V. W ARV
d1d2<‘ D‘ >q ( 1%2 Sm1m2 ms Mo ( i, fr Wy Mg ’V)
2
= Model independent 1 m2, v a;  as )\’
d1d2<|MQ|2>q — (a’/la’/Q L C)\S mqu;nz (m% | mz) g,(&,,ﬁ/,’l)z’,f,w,mqb/,v/)
2

= Model dependent

18



NR = separation of scales w ~ O(uv;)

Soft factorization of the amplitudes w — 0 and massless emission :

X2 E X2

M2—>3 — M2—>2 X gsoft
Sl,Sl 51751

S27SQ 52752

17



NR = separation of scales w ~ O(uv;)

X1 5 X1

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

M2—>3 — M2—>2 X gsoft
Sl,Sl Slasl

S27SQ 52752

The soft energy differential cross-section is derived in the limit |0;| — |Uf]

17



NR = separation of scales w ~ O(uv;)

Soft factorization of the amplitudes w — 0 :

M2—>3 — M2—>2 X gsoft

Dipole emission

(IMpl*)q

Quadrupole emission

= (IMp|Hg ((Mal)q

soft
soft

v

1) Full 2-3 kinematics

P1+p2=p3+ps+q

18

- Dipole

- Short-range

Quadrupole

“a

2>f1‘80ft

Soft w




NR = separation of scales w ~ O(uv;)

Soft factorization of the amplitudes w — 0 :

M2—>3 — M2—>2 X gsoft

Dipole emission

(IMpl|*)q

Quadrupole emission

= (IMp|)g (Mol = (IMal)g

soft
soft

1) Full 2-3 kinematics
2) Corrections on the exchange momenta

—

3 | Kelastic|”

I o elastic I

SOft‘corrected _ L2 n,soft
" n

18
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_ Long-range 4
NR = separation of scales w ~ O(uv?)
1 S
(}z 155 — 518 ?, Silbz &6
. . . . NQ - — S
Soft factorization of the amplitudes w — 0 : N 1072, Ruady o cnc? (4, /1, sy,
~ g, ¢ _
_ - * U)o .
M2—>3 — MQ—)Q X gSOft C:\ D Quadrupo]e X154
I - 'Doje
) -
Dipole emission Quadrupole emission S S S o
| B Q 0, 1og ]~ Ty,
9 9 9 A o 9 A < &dl“up }*]*2 &
(Mp*)a| = (Mpl*)s (MoPal o = (MolPa = | it~
SO
< N
v T~ B
" ] b
1) Full 2-3 kinematics 3
2) Corrections on the exchange momenta | — (Mp.o|Hg
L e (Mol o
| | | I I | | |

Soft w Hard w

4

102 10~
v = 2w/(u;)
Additional corrections are necessary to recover the correct low-energy behavior at quadrupole order.

3y Kelastic|”
IS o elastic IS | |
SOft‘corrected — L2 n,sott

" n
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a1az ¢" = (w, q)
47T'Ui,f VW ?

X1 = X

vif| =

Initial and final states are known:

X (1) = T(U— im)e P70 R (v, 15iG) , X, () = T(U 4 ivg)e B €W MR, (~ivp =icf) G Eiii8 8

22



Trvig),i = —2mio(Ei — Ef — w)(@rla(q, A)Vin|¥i) Voo Tm@d

Initial and final states are known: X X
(+) (= _ : Ty 3P T e (=)= _ - Zyp ip-T L it -
Xz (T) =T(1—i)e>" e "1 Fy (ivi, 154¢;) Xz, (r) =T(1 +ivs)ez" P "1 Fy ( s 1 sz) Yo Py
Emission operators are obtained from:
X1X2 — X1X29 5152 — 51520 XiXe: = XixaV 5152 — 5152V

—_  — ]' < — — T ]- _— ~12 .
H = mﬂ+ap+y18¢ ‘—% [Vz_Agb] (0'3+ZO'2)+m0'3‘ a(p—gA)+gA0+ﬂm ‘ %[p—gV] (0'3-|—’I,0'2)+mO'3+ng

Foldy-Wouthuysen-Tani transformations

Hard scale: m

Vs
Di| ~ pvy
. —>
k| ~ p;

W~ s
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Trvig),i = —2mio(Ei — Ef — w)(@rla(q, A)Vin|¥i) Voo Tm@d

Initial and final states are known: X =X
Xy (F) = T(1—ivi)e " P ™\ Fy (iv;, 159¢]) , x5, (F) = T(1 + ivg)e " €1 ™\ Fy (—z'uf, 1; —z‘g‘}“) o Yo
Emission operators are obtained from:
X1X2 = X1X29 5152 — 51520 X1X2 = X1x2V 5152 = 5152V
H= mB+a-p+ybo |5 [V2— 49 (s +ion) +mos| &-(5-gh)+gdo+Bm | 5= [5-97] (0a+ioa) + mos+ gV

Foldy-Wouthuysen-Tani transformations

Hard scale: m 1
Order by order in ~ O(—) :
Vs m One-particle
D3| ~ po; H+ 0 Hamiltonian
_f Z — H' = ( 0 H_>_’ description
k| ~ po; including relativistic

9 ’ corrections
W ~ UU;
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Trvig),i = —2mio(Ei — Ef — w)(@rla(q, A)Vin|¥i) Voo @D

Initial and final states are known: X BEREEEE X
(+) (= : Ty 1P T i (=) (= _ : Ty ippeT . .
Xg, (T) =T(1—iv;)e?" e "1 Fy (ivi, 154¢;) Xz, (r) =T(1 +ivs)ez" P "1 Fy ( s 1 zc;') Yo bRy
Emission operators are obtained from:
X1X2 — X1X29 5152 — 51520 XiXe: = XixaV 5152 — 5152V

—_  — ]' < — — T ]- y ~12 .
H= mB+a-p+yBo ‘—%[V2_Agb](03+wz)+m03‘ a-(p—gA)+ gAg+ Bm ‘ %[p—gV] (03 + i02) + mo3 + gVo

Foldy-Wouthuysen-Tani transformations

One-particle Hamiltonian description including relativistic corrections

HFWT — HX =+ ch = ‘/int

—) —) — s
. 75 A, Dy 1 ALN(Z,) - P, B AT (Z,) - ph,
V;nt — ;ynqb(xn) (1 2m%) ; om,, ¢(33n) (1 2m% - V(T’)) | _;gn ( . — Aé )(mn) | o Zgn m,
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BN S Ang (B L,
Vint =;yn¢(mn)( 2m%) szn¢(xn)( omZ  m, (r)) | —Zgn

n

Tpi = —i(2m)*6(E; — Ef — w)6®) (P + po — Ps — pa — M

Dipole emission: D%, = /dgr Xz, (M)p* X5, (T)

1 aj a2 a _*a ..
D%, e™™ V — emission
V2w \M1 M2
MD :l

1 a a
( 1 = > D%, ¢ ¢ — emission
2w \M1 M2
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Trv,g)i = —2mi0(E; — By — w)(Wr|a(q, A) Ving|1hi)

b
—-— -

=) —) =
’ P, An P 1 AL (Z,) - 3 AT)(Z,) - Pr
Vins = Ywnd() (1= 5otz )| 3 o) (1= 5oy = ) | S (PR pa)) | -3

2 fU2
U;

2
U;

1

Feq~r <1 l el =147 — 2(67-7?)%---

Tri = —i(2m)*8(E; — Ef — w)6®) (p1 + pa — Pz — pa — )M

Quadrupole emission: QY = /d?’r X5, (r)r®0°x5 K = /dgr X5 (7)p* x5, (F)
X1X2 = Xix2V 85152 = 5152V X1X2 = X1X2@ 5152 — 51520
_ H gl|g2 a xbab Mo = H (a1|a2>_labab|n]c_
Mo m(m%'m%)qu °T T \mi Tz (0719 Tt
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Initial and final states known: Ve LT (w, Q)
X(j_)( ) F(l —in)egyzezﬁi.FlFl (’iViyl;iCz'_)7 X1 oo :'°...X1

& (7) = T(L+ ivp)eEs el Ry (—iuf,1;—z'§f+) EEEEE

Dipole emission:

‘ 1 ( a1 a ) ‘a
D%, e 'V — emission |
M = V2w \M1 1M Analytical solutions at dipole and quadrupole orders
D — 1 (al ao > Da. 40 Qb a0
; — €1mission
wyV2w \M1 M2 fid
(

Quadrupole emission:

Full result oc S;Sf x [hypergeometric functions|

H g1 | g2 a *xbab X1X2 % Xlsz —27y; +) 2 2
{ V2w (m% ' m%>q “ET 518, 515,V 5= < g OF, 87 = I, '(0)
Mo = i i
l [ (a1 a2 lq O | X1X2 = X1X29
vV 2w m% | m% I M 1 5152 = 51520
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Attractive Interaction

- Dipole, |v;] = 0.1 5
~
S

mey = 0.0lwmax

Exact
— Born
— == (|assical

- Dipole, |v;| =1

Quasi-classical limit

1 10~
T = 2w/(uv;)

f¢,V Zmin d\zFl (in,’inz:, 1} mem)\2

5.5

dzmin

B 247302 ;v

Exact

*  Born
Exact
T e i e 1 AT m—
w_
|1/,,;| <1
I 1+vl-—z
=T 3 2 ].Il
Born 247 U; L= \/1 — X

dw

——=-3>1
....... 5<<1 .
AN R N . L
1 1074 1073 1072 101
do o fov P o
wor| = Fho Bl (B)|H ) (iB)
classical ﬂ-v'i




- Quadrupole, |v;| = 0.1

[ Ty = 0.0lwma}(
*  Born

Exact
1”—3 - | | ||||||| — | | | I |

Exact
Born
== (C[3ssical

_ Quadrupole, |v;| = 0.1

i mgy — OOleaX

Exact
Born
== (C|3ssical

*  Born
Exact
_3 | | I I I| | | | I || | | | I |
1010—4 10~3 1072 107! 1

v = 2w/(pv;)

X1X2 — x1x2V, 5152 — 515V

S159 — 515209, SV1§2 — §1§2¢
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Relativistic corrections take a different
form in each treatment:

® Born: momentum-dependent terms

@ Exact QM: subleading emission
operators

@ Classical: corrected charge density:

1 o [ Y1 Y2 { 9/ n 5D ")
do et (m% mg> o (G- 7)° +n|r]




wdo /dw [ F)

wdo /dw [ F)

T = 2w/{pv;

2
1

B A e 1 S

)

11

Relativistic corrections take a different
form in each treatment:

® Born: momentum-dependent terms

@ Exact QM: subleading emission
operators

@ Classical: corrected charge density:

1 o [ Y1 Y2 { 9/ n 5D ")
do oyl (m% mg> o (G- 7)° +n|r]




Relativistic corrections take a different
form in each treatment:

@ Born: momentum-dependent terms

@ Exact QM: subleading emission
operators

@ Classical: corrected charge density

Yet the full quantum result smoothly connects
to both independently derived limits
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wdo /dw [ F)

wdo /dw [ F)

_ Quadrupole, |v;| = 10

Quasi-classical limit

4
L]
L]
L4
L4
L4
L]
L4
L4
L4
..
L 4

———- 5> 1

....... 6<<1
| | IIII | | L1 1 111
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Beyond Born: effective energy loss rate arXiv:26XX.XXKX

2
/2
Hog/ do

S

mQS’V " " "
Dipole emission

I \ 10!
CGEEEE——— Xa Ct .

w3 oy \
— « = (lassical \
"""""""" Asympt. classical \ "~

Born .. Classical

1.0 <— ‘.‘ i

I I!IIIII

- Attractive \ 100

= ¥
= *
L 2
= ¢
3
o
s
|| |||||i

_ Repulsive _
i Exact .
. R BOI’I‘] N
0.8 Born Classical _| e Classical }
5 3 | e Asympt. classical i
IIIIIH— l IIIIIH— l IIIII*H l —— l —— I — — | IIIIIII | | IIIIII| | | IIIIII| | | IIIIII| | | | IIIII | I
10~ 10~ 10° 10" 102 10° 107 - - ,
102 10~ 10 10! 107 10°
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Quadrupole emission: distinguishable particle scattering

9
10 Classical

L . . i
e— [y act ,, — § ]
— L] Born ...’ ] = , —
=+ = (lassical ’ ) ]
o Asympt. classical i

5159 % 51520, 5152 % 5152¢ -

~O A2 SOV X1 = XY ]
: : X1X2 — X1X2B, X1X2 = X1X2¢ N
C[;’\ 102 Attractive, Dist. L
= = -

> . 1 1073 =
—~ : 1 It S . - ]
S = —. =TT - - -
= : S~ . - _ Repulsive, Dist. _
— 5152 —> 5152¢ 5152 —> S1S2¢ N B _
p— e — 5152 —> S1SQV X1X2 —) X1X2V | — ExaCt ]

| ...’ ...’ X 1 XQ % X 1 X2 ¢ X 1 X2 % X 1 X2 ¢ ”I‘I‘I‘I‘I‘I‘I‘I‘I‘I‘I‘I‘I:. L aaganauaaain B O r n
=== (|assical i

Born Classical .
= : : —— . | e Asympt. classical

10 | IIIIIII | | IIIIIII | | I.‘I:I’IIII .’.:I | IIIIIII | | IIIIIII | L1 111 10 | ||||||| | ||||||| | | ||||||| | [ | | IIIIIII |
10~ 3 1072 10~1 10V 10! 102 10° “7 10 3 10~ T 101 10 10! 102 102
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- - Born Classical .
L G Exa ct B % . H il
L aapaaaaaan] Born | S— - - iy |
= = (|assical 0 . 3 i
. | . ~. o" B

------------ Asympt. classical \.\w.;"' GG _y GGV

N, XX — xxV

|||||||§L§

L]
———
—.~.§
I‘

L ]
—
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T e e e 5 — —

T e n m— "

S (vi)[via®/m]

Repulsive, Ident.

Exact
e B oy
Born Classical ) __ ,%‘Iassmal i
e e sympt. classical
| | IIIIIII | | IIIIIIIo" | Io’fIIIIII | | IIIIIII | | IIIIIII | L 1111l —5 l l ||||||| l l ||||||| | | ||||||| | | ||||||| | | ] ||| | | L L Ll
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Impact on structure formation arXiv:2500.12317

|_ Dark Matter Halo

In halos, DM can be treated as a non-degenerate Maxwellian DM gas

§M<U7:> — §kBT Q@

~

Galactic Bulge /
Galactic Disk

é ILLS/Q /OO d f( ) /wmax d dO_ h | h |
X U; J (Vs WwW—
nine  T3/2 . . T Depends on the microphysics

The energy per unit of time lost by the system

€ —=€1—1+ €22+ €19
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Light mediator

24

F3(uT)"? 4

45f5(uT)3/2 (4o + 6)_

1X1=X2

2 13 /2
6 L

5/2
My

€ X g
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1577/2

Heavy mediator

FR(uT)>? +

é X 929/4

The long-range processes dominate the dissipative dynamics.
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Light mediator

ninafe v 24

FA(uT) -

T 6r7/2,/2 45

Fo(uT)? (4o + B)

1X1=X2

2 13 /2
6 L

5/2
My

€ X g

€
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Heavy mediator

FR(uT)>? +

é X 929/4

The long-range processes dominate the dissipative dynamics.

3

515

F&(uT)"? (8a + 6)_

1X1X2

n§<T7/2

1/2 4
mX m¢/’V/

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

— Mgy =0

10°8""" m¢,V/,u —

(v7)

=T 5
||||||| '!7| |l!||||||| 6| ||||||||'!5|ill>‘;llllllll 4| ||||||||i:,;| |||||||| 2| |
10~ 10~ 10~ 10~ 10~ 10~
T MeV] e

Dwarf galaxy

Galaxy Cluster

Heavy mediator

— myy =0

== moy /= ()

] I L
| —
| I | I _
A e < |
' ] N | ~ N
T = i~ =
IIIIII|I | illlllll | IIIIIIll | | IIIIIII| | IIIIIIll | IIIIIII| | |
1077 107© 107> 1074 1072 102
T [MeV]

Massive emissions naturally modulate the dissipative effects.
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Conclusion

DM could be self-interacting Beyond elastic SIDM:;
on small cosmic scales dissipation

In this talk, a set of dSIDM models was investigated:
Using a perturbative QFT and an exact QM treatment relevant in all the kinematic regimes, including classical emission

The different kinematic regimes highlight different aspects of the scattering dynamics:
@ Born: identical vs distinguishable particle scattering

@ Classical: attractive vs repulsive interaction

® Intermediate regime: non-trivial dependence on the Sommerfeld parameters

Reconstructed the dipole and quadrupole pieces of the emission amplitude:
Dipole radiation is universal, while guadrupole emission probes model-dependent relativistic corrections

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

. |
In(A K, iy py) = lim [ d*r ﬁe@’“'r—/\"f'lﬂ (ivi, 1;4¢; ) 1 Fy (z’uf, 1;2‘4;)

l Closed-form solutions

) 5 iv; —V _
IN(A, k’,ﬁz,ﬁf) _ _7T€—7T1/7; (771> (7737_72774> 2F1 (1 — ’LVZ,ZVf, 1, 2117(7;173 77;:;)

B ‘E‘2+)\2
N 2
N3 = P; - k+iADi| —m1, ma = |pil|Pr| + Di - Pr — 2.

M

The emission amplitudes are obtained from:

—

. .| — a a S ao ___ , . o . b — =
D% = BZBf ;\liﬁ) [z\pi|V~i — D; 8)\} IN()\, k‘,pi,pf) Q b = BzBf ;\g% aka {szﬁpi? pi6>\:| In ()\7 kvpzapf>
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A—0 A
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Born: energy differential cross-section arXiv:2509.12317

Light mediator Heavy mediator

* exact: numerical - * exact; numerical

.—.Sﬁ
N - ﬂg\@
N
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>ﬁ C\]g's
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N >ﬁ
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E 3
~—
-
S
3

IIIIE

10~
v = 2w/(pv;)
do prvi/1—x(2 — x)
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Born: energy differential cross-section arXiv:2509.12317

Light mediator Distinguishable particle scattering Heavy mediator

*  exact; numerical

* exact; numerical

S
157 — 519V, XIX2 = vy ol S152 = 5152V, x1x2 = X1x2V

1072

!
%

915 = 5155

. 5159 — S152¢
| 519 — §)G,0 ((i/my)? > 03 i

§1§2 — §1§2¢

(external leg)

10~

wdo /dw [(a/mg . )*ata3)

- Quadrupole, long-range Quadrupole, short-range

wdo /dw [(a/m)* 22 (i) ) (my )Y

10—5_— m(ij — O 2—5 10_6__— m¢v =
e gy = 0w e gy = 0. 1wy
B | | | | | | | | E | | | | B | | |
1072 101 10" 102 101
v = 2w/ (puv?) v = 2w/(pvy;)
do 5 e[ 1++v1—x\] do /2:“”04\/1_le / 2 [ 1 /
T = Fov T [(B=a)Vi—z+al2— n(l_ 1_33)_ oo = Tov Fe g 81— ) + 4% (@ 4.9




Energy differential cross-section: repulsive

Repulsive Interaction

~ . Exact
Bt — Born
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Amplitudes: massive emission arXiv:250.12317

M2—>3 — MO(
e T~

Dipole emission Quadrupole emission

Stuckelberg-like field

1 —_

(L) q )
E = — , W —
H my <‘Cﬂ q]

Massive emission: the emitted particle carries a mass mg v S va

X1X2 — X1X2VL glgg — §1§2¢ X1X2 — X1X2¢

S192 — 5152 Vr S159 = 51520 X1X2 —> X1X29

Conserved current + Ward identity: common kinematic mass-dependent correction
at dipole and quadrupole orders

™m y m
—VMp,cp SISL)M — V|2CI| AMQ(m¢)

51(/L)M%,V =

———— Not the case for the transverse modes of V-emission



