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Dark Matter evidence

Dark Matter evidence at very different scales

Velocity
(km s-1)
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Distance (light years)

Rotation curves of Galaxies
Rubin, Ford (1970)
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Dark Matter evidence

Dark Matter evidence at very different scales
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Robertson et al. (2017)

Dwarf Galaxies DM-dominated
low DM velocity v ~ O(10 — 100) Km/sec

Giacomo Landini



Small scale problems
N-body simulations of collision-less DM vs observations

(d<100Kpc) Small scales (dwarf galaxies) - low DM velocity
DM-dominated v ~ O(10 — 100) Km/sec

Giacomo Landini



Small scale problems
N-body simulations of collision-less DM vs observations

(d<100Kpc) Small scales (dwarf galaxies) - low DM velocity

DM-dominated v ~ O(10 — 100) Km/sec
ACDM simulations / \ Observations
Universality “Considerable diversity”
Tulin, Yu (2017)
Large central density (cusp) p(r) oc r—1 Smaller central density (core) p(r) o r’
- o - cusp

-
o
-
"
*u

108

Tulin, Yu (2017)

(2 kpe) (km/s)

107

Vcirc
Dark Matter Density (Mg/kpc?)

0.1 05 1 5 10
Radius (kpc)

Giacomo Landini



Small scale problems
N-body simulations of collision-less DM vs observations

(d<100Kpc) Small scales (dwarf galaxies) - low DM velocity

DM-dominated v~ O(10 — 100) Km/sec
ACDM simulations / \ Observations
Universality “Considerable diversity”
/ Possible solutions \
Large centr ) p(r) oc 7Y

Systematic uncertaintes in deriving DM distributions from observations
Inclusion of dissipative baryonic processes in simulations

DM self-interactions
Spergel and Steinhardt (2000)...

K Still no general consensus! / 6

Giacomo Landini




Self-interacting Dark Matter (SIDM)

Elastic Dark Matter scatterings Spergel and Steinhard (2000)

Dave et al. (2001)

T‘-DM ﬂ-DM _> ﬂ-DM ﬂ-DM Vogelsberger et al. (2001)

Reduction of central density at small scales if

o(v)/mpm ~1—10 cm?/g  for v~ O(10 — 100) Km/sec

Giacomo Landini



Self-interacting Dark Matter (SIDM)

Elastic Dark Matter scatterings Spergel and Steinhard (2000)
Dave et al. (2001)
WDM WDM — 7TDM 7TDM Vogelsberger et al. (2001)

Reduction of central density at small scales if
o(v)/mpm ~1—10 cm?/g  for v~ O(10 — 100) Km/sec

BUT

56’

Bullet Cluster and other galaxy clusters
o(v)/mpm < 0.5 cm? /g
for v~ O(2000) Km/sec

Clowe et al. (2006) .
Harvey et al. (2015) o
Robertson et al.
(2017)

—55°58'

Giacomo Landini
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Self-interacting Dark Matter (SIDM)

Elastic Dark Matter scatterings Spergel and Steinhard (2000)

Dave et al. (2001)

T‘-DM ﬂ-DM _> ﬂ-DM ﬂ-DM Vogelsberger et al. (2001)

Need for a velocity-dependent self-interaction cross section

o(v)/mpy ~1—10 cm?/g  and o(v)/mpm < 0.5 cm?/g
for v ~ O(10 — 100) Km/sec for v ~ O(2000) Km/sec



Self-interacting Dark Matter (SIDM)

Elastic Dark Matter scatterings Spergel and Steinhard (2000)

Dave et al. (2001)
Vogelsberger et al. (2001)

TDM7TDM — TDM7TDM
Need for a velocity-dependent self-interaction cross section

o(v)/mpy ~1—10 cm?/g  and o(v)/mpm < 0.5 cm?/g
for v ~ O(10 — 100) Km/sec for v ~ O(2000) Km/sec

100~ dwarf ".MilkyWay cluster
s

[Chu, Garcia-
Cely, Murayamal]

(2018)

[Tulin, Yu, Zurek]
(2013)

P1: m= 400 MeV

orfmy (cmz,’g) [attractive only]
o

1073
vr=108 km/s
1074 (maim=2=10""5) |
. y=10"
105 Y S . e NS, 10% ¢ aplm=0.1cm?/g —
10 10¢ 10 10

v (km/s) <v> (km/s)

[Possible realizations: Light (MeV) mediator, Resonant SIDM,...J 0
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SIMP Dark Matter

Dark Matter is in thermal equilibrium with the SM bath in the early Universe

First proposed as The SIMP Miracle
by Y. Hochberg,E.Kuflik,
T.Volanksy,).G.Wacker (2014)

TDM TDM TDM

TDM

See also TDM
Y. Hochberg,E.Kuflik,H.Murayama SM
TVolanksy,).G.Wacker (2014) TDM _—
T
Y. Hochberg, E.Kuflik,H.Murayama (2015) DM Thermal equilibrium
A.Kamada,H.Kim,T.Sekiguchi (2017) 3 DM-to-2 DM

A.Katz,E.Salvioni,B.Shakya (2020)
Chu, Nikolic, Pradler (2024)

Strongly coupled theories provide a natural realization of SIMP DM

Giacomo Landini 11



SIMP Dark Matter

Dark Matter is in thermal equilibrium with the SM bath in the early Universe

First proposed as The SIMP Miracle
by Y. Hochberg,E.Kuflik,
T.Volanksy,).G.Wacker (2014)

TDM TDM TDM

TDM

See also TDM
Y. Hochberg,E.Kuflik,H.Murayama SM
TVolanksy,).G.Wacker (2014) TDM _—
m
Y. Hochberg, E.Kuflik,H.Murayama (2015) DM Thermal equilibrium
A.Kamada,H.Kim,T.Sekiguchi (2017) 3 DM-to-2 DM

A.Katz,E.Salvioni,B.Shakya (2020)
Chu, Nikolic, Pradler (2024)

Strongly coupled theories provide a natural realization of SIMP DM

mpwm ~ (T2, Mp)'/3 ~

Giacomo Landini 12



Self-interacting Dark Matter (SIDM)

Elastic Dark Matter scatterings Spergel and Steinhard (2000)

Dave et al. (2001)

T‘-DM ﬂ-DM _> ﬂ-DM ﬂ-DM Vogelsberger et al. (2001)

Strongly coupled theory
o/mpm ~ alg /My

mpm ~ MeV — GeV
scale predicted by SIMP DM

!

o(v)/mpm ~1—10 sz/g

Typical values required to solve the small-scale problems!

Giacomo Landini 13



QCD-like theories

We introduce a new dark gauge interaction (e.g a SU(N,) sector)

L=—-LF?1GiDq— (GgMqp+h.c)+ LLFF

usually ignored

M = diag(mi,--- ,mpn;) with N;>2



QCD-like theories

We introduce a new dark gauge interaction (e.g a SU(N,) sector)

L=—-LF?1GiDq— (GgMqp+h.c)+ LLFF

usually ignored

M = diag(mi,--- ,mpn;) with N;>2

Gauge confinement Ap > m,

N? — 1 pseudo-goldstone bosons mx = \/mgAp
n

my,

M_pﬂ'a’{

iz,
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QCD-like theories

We introduce a new dark gauge interaction (e.g a SU(N,) sector)

L=—-LF?1GiDq— (GgMqp+h.c)+ LLFF

usually ignored

M = diag(mi,--- ,mpn;) with N;>2

Gauge confinement Ap > m,

N? — 1 pseudo-goldstone bosons mx = \/mgAp
n

my,

M—}’]Ta’{

W My
It can be a multiplet if some m; = m;

Giacomo Landin (flavor symmetry) Pion-like Dark Matter! *



Dark Pion interactions (9 = 0)

The low-energy dynamics of dark pions is described by ChPT

Lo = L=T7(0,Ut 00U + L= BoTr[M U + Ut M) +Lwzw

17



Dark Pion interactions (9 = 0)

The low-energy dynamics of dark pions is described by ChPT

2
yis

Lo = L=T7(0,Ut 00U + L= BoTr[M U + Ut M) +Lwzw

U =exp(im®\*/frz)  A~dnfr//Ne ChPT breaks down for m, = A

m
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Dark Pion interactions (9 = 0)
The low-energy dynamics of dark pions is described by ChPT
Lo = L=T7(0,Ut 00U + L= BoTr[M U + Ut M) +Lwzw

U =exp(im®\*/frz)  A~dnfr//Ne ChPT breaks down for m, = A

m

First proposed in the context of SIMP DM by

) N, vpo
¥ Hoshber Kk urayame Lwzw = =gz @ Trlndumd,mOym o]

The SIMPlest Miracle (2014)

DM number changing processes DM self-interactions
T WZIW 4 e T
m? >< NO cubic vertex >'<

cC € ﬂ'b ﬂ-d

T s

5 2
2 m 2 Moy T My nstant
Giacomo Landini SIMP <032U > X (ﬁ) v~ (f%o) (mﬂ) O-/mﬁ X fa consta
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SIMP DM (¢ = 0)

This framework predicts GeV DM

Tension among DM relic and Bullet Cluster bound

Perturbativity breakdown

I 111 Mle¥

The self-interactions cross section is constant

0/ My o T 0 ol 102 103
T

No SIDM realization

Giacomo Landini 20



Dark Pion interactions (¢ == 0)

The low-energy dynamics of dark pions is described by

Lo = L=T7(0,Ut00U] + L= BoTr[MyU + Ut M]] +Lwzw
U=exp(in®\*/fr) A~dnf./v/N. ChPT breaks down for m, 2= A

m

MH _ eiQM_l/TT[M_l]M

Giacomo Landini 21
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Dark Pion interactions (9 == 0)
The low-energy dynamics of dark pions is described by
Lo = L=Tr[0,Ut01U] + &= BoTr[MyU + Ut M]] +Lwzw
U = exp(it®\®/fz) A~ A4xfr/vV/N, ChPT breaks down for m, 2 A
My = ez'QM_l/TT[M_l]M

New odd interactions induced by @

By Cabcede
Lo = 3f7TT7?M_1 (dabcﬂ_aﬂ_bwc 18ff2r 7Ta,7Tb7rc7rol7re)

22
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Dark Pion interactions (9 == 0)
The low-energy dynamics of dark pions is described by
Lo = L=Tr[0,Ut01U] + &= BoTr[MyU + Ut M]] +Lwzw
U = exp(it®\®/fz) A~ A4xfr/vV/N, ChPT breaks down for m, 2 A
My = ez'QM_l/Tr[M_l]M

New odd interactions induced by @

Bp6 Cabcde
Lo = spprar= ( 1072 7Ta7Tb7Tc7Td7Te)

dave = Tr({a, Mo} Ae) /4

23



Dark Pion interactions (¢ == 0)

Quark masses determine the meson spectrum

my (M2)ap o< Tr [M{A*N°}] q d my
- {

(") =

It can be a multiplet if some m; = m;

(flavor symmetry)

Giacomo Landini 24
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Dark Pion interactions (¢ == 0)

Quark masses determine the meson spectrum

m (M2)ap o< Tr [M{A*A}] d My,
a
me mT('
70
abc7Ta,7Tb7Tc C 5777T7T 77 —<
77 — 7T7T 62Bg§

- 247'rf72r My (Tr M~

1)2

25




Dark Pion interactions (¢ == 0)

Quark masses determine the meson spectrum

mi (M2)ap o< Tr [M{A*N°}] . d my
- {

()T

my
. T
dapeTaTpTe C ENTT 7] _<
T

With a proper choice of M the spectrum can account for a resonance

2
(¥
my = (24 %) mx g0

iz,

vr may originate from 6 o6

Giacomo Landini



Dark Pion interactions (¢ == 0)

Quark masses determine the meson spectrum

my (M2)gp o< Tr [M{N"A"}] a{ il m, = (2 -+ %) M
TT

()T

mn

5 My

T

0 induces the following resonant interactions

Resonant 3-to-2 Resonant self-scattering

Camilo Garcia-Cely,
GL, Oscar Zapata
[2405.10367]

Giacomo Landini Early Universe == DM relic Today in halos === S|DM 27



DM relic abundance with 6 + 0

Resonant 3-to-2 processes

res

3T —=2r 2T+ 2r -7+ n— 27

[ 7 acts as a catalyzer ]

[9 # 0 == On-shell 1 resonance exchange ] T

Similar to resonant triple- o reactions in stellar burning 3a — 2¢* '~ aa — ®Be----»8Bea — 12C*

3 2
ay ~ —(O‘ U>3an—,eq YT"DM _ Y"'DM
dz nm zH YT?DMaeq YWDM,eq

Giacomo Landini 28
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DM relic abundance with 6 + 0

Benchmark Model Nf=3

fr in MeV

Camilo Garcia-Cely,
GL, Oscar Zapata
[2405.10367]
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DM relic abundance with 6 + 0

Benchmark Model Nf=3

10°

~

NO tension between relic density
and cluster bounds

DM even far from perturbation
theory breakdown

fr in MeV

/

10! 10 10°
Camilo Garcia-Cely, .
GL, Oscar Zapata mpy in MeV

Giacomo Landini [2405'1 0367] 32



DM relic abundance with 6 + 0

Benchmark Model Nf=3

10°

~

NO tension between relic density
and cluster bounds

DM even far from perturbation

% theory breakdown
= %
= )
Indipendenton 6,vr aslong as
W~ 1074, ve <0.1
6 > Qmm 10 s VR 3 y

10! 10 10°
Camilo Garcia-Cely, _
GL, Oscar Zapata mpy in MeV

[2405.10367] 33
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SIDM with 6 + 0

6 + 0 induces velocity dependent resonant self-interaction cross section

g 7T T T

0 9 Camilo Garcia-Cely,
Already presentin meme)p  GL, Oscar Zapata
Hochberg et al (2014) ¢ 71// [2405.10367]

Giacomo Landini 34



SIDM with 6 + 0

6 + 0 induces velocity dependent resonant self-interaction cross section

T 7T T T
0 9 Camilo Garcia-Cely,
Already present in " U A meme)p  GL, Oscar Zapata
Hochberg et al (2014) r,z} [2405.10367]
T 7 /I 7
1287 r? v = DM velocit
p— - y
O-(U) 0o + m2uvs m2(vZ—v$)244I202 /v3,

constant term resonant term

VX VR

2
— YR vp < 1
m, = (2—|— 1 )m7T

Giacomo Landini 35



SIDM with 6 + 0

6 + 0 induces velocity dependent resonant self-interaction cross section

T 7T T T
0 9 Camilo Garcia-Cely,
Already present in " U A meme)p  GL, Oscar Zapata
Hochberg et al (2014) r,z} [2405.10367]
T 7 /I 7
1287 r? v = DM velocit
p— - y
O-(U) 0o + m2uvs m2(vZ—v$)244I202 /v3,

constant term resonant term

VX VR

2
— YR vp < 1
m, = (2—|— 1 )m7T

vg ~ 10 — 100 km/sec ~ 107153} e resonance at small scales

Giacomo Landini 36



SIDM with 6 + 0

ET TT] T T ]
10* Vg
E ]_{]3
=
o " ltworksfor )
Camilo Garcia-Cely, E > 0 ~ 10—{4,2}
GL, Oscar Zapata g 10°-
2405.10367 - 4 : .
[ ! g < Compatible with
4 | relic computation
= 10 \ i /
) w =1000 kmy/s
’ 1{\\\ <
- _‘:\I'l I"f.f _
100 ” #=0.003
(= Ll | ! '_
10" 102 10° 10°

vy in kmy/s

Realization of SIDM for vr ~ 10 — 100 km/sec ~ 10~ {53}

v . e - _{4’2}
Giacomo Landini R may Orlglnate from 9 10 37




Current work

. . 1 | ., . E. y
SM portal (thermalization of DM)  £or = =V V" + 5y VuV* + 5V B
102 - |
y 10711
10 :
w 104
10°°

my = 20MeV, fr = 40MeV, ap =103,y = 0.33

9

“i | 1(')0 ». oo B fx
> o Q$

my 102! ool . . -
102 — 10!

+ large ¢ , BEQs,... o

[2506.xxxxx] in collaboration with C. Garcia-Cely, L. Marsili, O.Zapata



Comments on the results

DM is a pion of a QCD-like dark sector

0 +£0 Spectrum with a resonance

My 2, 2My

We reproduce the relic abundance with a resonant 3-to-2 process
avoiding tensions with BC and perturbativity

We can solve small-scale problems with resonant self-scatterings
No need for light mediator

Giacomo Landini 39
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NFW profile

log (p/po)

107
106
10°
104
10.‘3
102
10*
10°
1071
1072

103

Density profiles

— NF'W profile
- = = Einasto (a = 0.15)

0%  10¢% 100 1002 107! 10° 101

log (r/Rs)
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Dwarf galaxies

Name Discovery Position Distance THL

(b, £) in kpe in pc
Sculptor 1938 (—83.27,287.57) 86 +6 283 +45
Fornax 1938 (—65.7°9,237.1°) | 147 +12 710 77
. Leol 1950 (4+49.1°,226.0°) | 254 +15 251 27
g Leo 11 1950 (4+67.2°,220.2°) | 233 +14 176 +42
é Ursa Minor 1955 (4+44.8°,105.0°) 76 +3 181 +27
°  Draco 1955 (434.7°,86.4°) 76 L6 221 +£19
Carina 1977 (—22.2°,260.1°) 105 &6 250 %39
Sextans 1990 (4+42.3°,243.5°) 86 +4 695 +44

+ ultra-faint dwarf galaxies

Cirelli, Strumia, Zupan (2024)



Resonant SIDM

Low-surface
brightness spiral

Dwarf galaxies g3@xies  Clusters

]
3
Q 10 :
= :
=
X
D 102
8]
E
2
=
+ 10'; S1:Mm=22GeV S Mm=16GeV
8 : V=120 kmls ve=5035 kmis -
v (maim-2=107%)  (map/m-2=107%")
- y=107%* y=10""" 1
10° 3 gp/m=0.1cm?/g dglm<<0.1cm®/g 1
10' 10° 10° 10*
<v> (km/s)
VUmax 41}'28_[11;15
(ov) = f(v, vy)ovdv, f(v,v9) =

0 N2

Chuetal. (2018)

E 103 3
=
—
x
2 10°F
o F
=
=
£ 107} Piime400MeY
4 : va=108 km/s
§ : (mgim=2=10""5) |
| y=10" -
1 Oﬂ g ! ap/m=0.1cm?/g —
10° 10° 10° 104
<v> (km/s)
4zS ]_'(1?)2/4
o = 0g+

F(L‘) — mR},FZL—I—]
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(ov)/m [em? /g x km/s]

104

10°

10%

10?

Ultra-Faint Dwarf galaxies

Data from 23 UFDs associated to the Milky Way
DM-dominated (few baryons), v ~ 10 Km/sec

Hayashl et al. (2020) ok Kamada et al. (2023)
T > v Y T T T T T T T3
| 1508. U33'39 quﬂf Fe e f 3 3
LSB +—e— T - N C
Cluster L ol r
- = = 10; 3
] = :
% L
% 80 _ .,
- a |G | "I\ 1()- -
c\"'f"'g 1 = ;
Q- L, [
- a, L‘_‘\.?’.»j' | ~ :
o\ N\ = [
e ’ = 100
- . | \b/ 1() :
c\‘}i -
A\ D - i 1 1 lad A 114l 1 Lol i1l
- i L l sl ] ¢ ‘

(v) [lam/s] (Vre1) [km/s]

Sharp velocity-dependence favour Resonant SIDM models
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SIDMvs CDM

Tulin, Yu (2017)

13} Mur=10"Mg, r:=20 kpc, Viar=159 kmis | : Mu=10""Mo, r;=20kpc | 03[  Mu=14x(10"-10")M;
0 I
o 0z}
EEJ 7
- o6l
] I
2 S
E E
3 6} asp
=
|] = | — CDM [
L — CDM J @ L
0.8} 1 3 | — SIDM, oim=1cm?g 04f — CDM
— SIDM, g/m=1cm?/g ; | — SIDM, o/m=1 cm?/g
D.B-‘ i i i i M i " i M [ i i i
0.1 0.2 0.8 1 o 5 > 0.1 02 0.5 1 2 5 03 0.05 0.10 0.50 1
r.!,.rs n'rs r.lr‘rvir

_ Pdm Urel U/ﬂl
st = OUrelPdm/m =~ 0.1 Gyr~ ! ( )( )(—)
Rscat = OVrel Pdm /M YE 201 M /pd/ \50 km/s/ \T em?/g



Cross section: observations vs constraints

Tulin, Yu (2017)

Positive observations

o/m

Urel

Observation

Refs.

Cores 1n spiral galaxies

> 1lem?/g

30 — 200 km /s

Rotation curves

(102, 116]

(dwarf/LSB galaxies)

Too-big-to-fail problem

Milky Way = 0.6 em? /g 50 km/s Stellar dispersion [110]

Local Group > 0.5 em?/g 50 km /s Stellar dispersion [111]

Cores in clusters ~ 0.1 cm?/g 1500 km/s Stellar dispersion, lensing|[116, 126]
Abell 3827 subhalo merger| ~ 1.5 cm? /g 1500 km/s DM-galaxy offset [127]

Abell 520 cluster merger | ~ 1 cm?/g | 2000 — 3000 km/s |DM-galaxy offset [128, 129, 130]
Constraints

Halo shapes/ellipticity <1em?/g 1300 km/s Cluster lensing surveys |[95]
Substructure mergers < 2em?/g |~ 500 — 4000 km/s|DM-galaxy offset [115, 131]

Merging clusters

Bullet Cluster

< few cm?/g

< 0.7em?/g

2000 — 4000 km/s

4000 km/s

Post-merger halo survival
(Scattering depth 7 < 1)
Mass-to-light ratio

Table 11

[106]

TABLE I: Summary of positive observations |and constraints on self-interaction cross section per DM mass.
Italicized observations are based on single individual systems, while the rest are derived from sets of mul-
tiple systems. Limits quoted, which assume constant o /m, may be interpreted as a function of collisional
velocity ve provided o /m is not steeply velocity-dependent. References noted here are limited to those

containing quoted self-interaction cross section values. Further references, including original studies of
observations, are cited in the corresponding sections below.



Portals with the SM

Dark photon portal Hochbergetat (2015)

Gauging a u(1)p subgroup of unbroken global symmetry G — H Ul)p DH
SU(Nyf)L ® SU(Nyg)r — SU(Ny)v

TDM TDM

Choose @Qp(q)

At uv ! to eliminate axial anomaly
€ Thermalization ¢eF’ F,W ] l‘ d’]TO
Kinetic mixing > Long-live
SM SM

ALP DOI’tal Kamada et al. (2017)
' Hochbergetal. (2018)

2 )

. | R 1 g 1/ 5 5 2m2f2\ , m: .
L-ﬂqz—frniaz— —mge"" f””fv’q?-qh,-—l—h.c-. —) — | T,0° + f,_g_ a —|——8f§_ﬂ‘Tl‘ﬂ

T

4fan

_ _ amw — am
Thermalization a <> Yy

47



Portals with the SM

Dark photon portal Hochbergetat (2015)

Gauging a u(1)p subgroup of unbroken global symmetry G — H Ul)p DH
SU(Nyf)L ® SU(Nyg)r — SU(Ny)v

TDM TDM
Choose Qp(q)
14 € Thermalization ¢ F#Y F to eliminate axial anomaly
y Hy =P stable 7"
Kinetic mixing
SM SM
Make sure that: thermalization is efficient

T — 77V

are subdominant for DM relic
mTr—V > ete”

Allowed by bounds on DP and indirect detection (p-wave) .



Portals with the SM

Dark photon portal  workin progress...

e charge assignment 1: inl) = diag (+1,+1, —1);
e charge assignment 2: fo) = diag (+1, -1, —1).

W~ N\

NO axial anomaly O(p”6) operators

1 . WY PO
MEEHMMV! V! Tr(Qd)Tr(Qd M UT) + h.c.

T 1.4%x10% sec 0.1 S0y 10 4( o )B 20 MeV \* 0.5 6
DM : A\ sin Orn (v £ 0.5 GeV MpPM mpm/ fr

49




Portals with the SM

Dark photon portal  workin progress...

; m 45C(5)e2e2e2T0
Dscatt = Zﬂ_ﬂi Qﬂ Z <fT’U(’FTJ_ f oy f;rrj— f) n‘}ﬂ) — C( ) d
2 2':fr3-mv
f=e et
Tt e
5C(5) 1
I H
%4 € 4 Mgt catt ~u ‘fl
Y
e e
rt ot

T
>< it (T){ov(nn® = min)) 2 H
My
0 0

4 (g£2+ + gf;‘_)
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Portals with the SM

Dark photon portal workinprogress...

charge assignment 1 charge assignment 2
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Portals with the SM

Dark photon portal  workin progress...

charge assignment 1 charge assignment 2
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Resonhance and ¢

Example: M = (m,m,m,5m)

—>  |m2 = 2Bym(1 — 2502/512)

s

'm;, = 8Bom(1 — 56°/1024)
2
—»mn:(2+%)mw vr ~ 0.4 0

It works for DM relicif 1074 <6 <0.5

It works for small scale anomaliesif 6 ~ 1077



Resonhance and ¢

Example: L
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DM

relic abundance with 0 0

Resonant 3-to-2 processes

[9 + () == On-shell 7 resonance ]

Giacomo Landini

def[:rr-.[

res
TDM 3m = 2m >~ 2w —=n ----> nw — 27
9 DM
‘\\%77
TDM P
7 acts as a catalyzer
DM TDM
Y, Y3 Y, Y Y2
= +29p(n — TDMTDM) ( 1 _Tou ) + Y2(NTHDM — TDMTDM) ( —1 oM oM )
Y‘?:E'ﬂ }'II?]:.M eq }T.‘-‘-"-'l }W[JM:E‘Q }ﬂ?]n].ﬂq
Y, Yi Y, Y, Y2
= —7p(n — ToMTDM) ( T ) — Y2(NTDM —+ TDMTDM) ( e T )
}rll_:_*q }iﬁ}}j:gq 1j:/;j':L‘l:q 1j:/‘J_-.Dr-.[.*’_‘q }‘II?[:.M:EQ

Neglecting the non-resonant piece of 3-to-2 processes -



Giacomo Landini

DM relic abundance with 6 + 0

Condition for chemical equilibrium

T T
/’ \\
” ~
/’ S
R ‘.9( I o 62 \f___q___
\\ ’/’
~ -~
N ”
N P
T T

Tnerrr)) > H ot >0, ~ 10~4

evalutated at freeze-out of nm — 27

l defined as 1y eq(250) (Onrv) ~ H(25)

2
Y»,? p— };ﬂ'
Y"n,eq Yﬂ',eq

The Boltzmann equations simplify!

56



Giacomo Landini

DM relic abundance with 6 + 0

Condition for chemical equilibrium

Qmin
T T T & T
107 [y
| 0.00045
\0.0002 0.0003) | 0.00p4
> )
= .
= \
;:*5. c].um:a-.,:
| 0.00085
Fud=0.33
vr=200 km/s| . .
lUl 1 | ] |'- L1 "I
10! 107 10?

My in MeV

Interaction rates

T ﬂ T I T T T I
.
\ o <[y —» 72"y
“ . T

#=0.01

vp = 200 km/s
-'--__

Hubble

My = 100 MeV

f. =40 MeV
ry = 0.33 <I(mpy
5 10 15 20 25 30 35
z=mpy [T
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DM relic abundance with 6 + 0

Resonant 3-to-2 processes

oM 3 = 2m =~ 2w = ----> T — 27
>€ TDM
[9 £ () == On-shell resonance] \‘%37\
TDM
[ if 0> 0., ~1074 ]
TDM TDM

( oM Y’-‘I TITdDr-.: Yf]‘ Y:rr]:m YTEDM
sHz——"2% = +2yp(n — TpMTDOM) vz ) temom = mommom) { 55 32
dz Y]?:E{ }'JT]:IE-]:Dq n.eq Ton .24 T 2
3
dx, Y, ; Y, VY, e
g ~ T n TOM ~ U ToMm ToM
sHz— = = —ypn— mommom) | V2 —Y2(1mom = Tomom) | 3y - 33
N, = n.e T -89 eq - TDM 2] Ton eq

In this regime the relic abundance is indipendent on 6, vr .

Giacomo Landini



DM relic abundance with 6 + 0

Resonant 3-to-2 processes

res

DM 3m—2m ~ 2m = ---> w27
0 DM
[9 £ () == On-shell resonance] \‘%37
TOM p
[ if 6> Onin ~ 1074 ]
TDM TDM
3 2 z=myzy/T
d_Y — —<O‘ fU) SYT},eq Y“TDM . YTFDM 2/ ,
dz nm zH Y2 iea Yrpmoea (onrv) occmz/ fr
Y = Y?TDM + QYU = YWDM

In this regime the relic abundance is indipendent on 6, vr

Giacomo Landini 59



DM relic abundance with 6 + 0

Resonant 3-to-2 processes

res

TDM 3T — 21 ~ 27'('—)7'] -=-=->

0 TDM
[9 £ () == On-shell resonance] \‘%37

~

Giacomo Landini

TDM

[lf 0 > 0pin ~ 10_4]

TDM DM

The relic is fixed by 2-to-2 annihilations

In this regime the relic abundance is indipendent on 6, vr
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DM relic abundance with 6 + 0

Resonant 3-to-2 processes

res

DM 3m—2m ~ 2m = ---> w27
0 TDM
[9 £ () == On-shell resonance] \‘%37
TDM p
[ if 6> Onin ~ 1074 ]
TDM TDM
3 2 z=myzy/T
d_Y — _<O‘ v) SYn’eq };‘}TDM L YWDM 2/ ,
dz nm zH Y M ea Yrpea (onrv) < mz/ fr
Y = Y?TDM + QYU = YWDM

We can integrate the Boltzmann Equation (both analytically and numerically)

Giacomo Landini Yiou = Yapu.eq(2to) defined as ny eq(260){(0nav) ~ H(2t) 61



Explicit benchmark model

M = (mua mdams) Tud = mu/md
Meson masses
O S Tord S 1 R !.F ................
20 1
1.8 K !
2
m,,/ms fixed as a function of (74, Vr) sothat m, = (2 + ”TR) My 16- 'S ]
with v < 0.1 1.4
1.0 fl
= N 'Fr N N d
) 0.0 0.2 04 0.6 08 1.0
i my, = (2 + %)TTLWO Fud
a @ ng <K Ny ~ NpM always negligible
T 4
M+
) m o

Giacomo Landini 6(Tud) — m,,r:I:/mWO L 1 with 0 S_, 6(Tud) S) 0075 62



Explicit benchmark model

M = (muamdams) Tud — mu/md

Meson masses
O S Tud S 1 ' ' '

2
m,/ms fixed as a function of (w4, Vr) so that m, = (2 i UTR) m, L6l K+

with v < 0.1 1.4

2
i my = (2 + %)mﬂo
mg

Fud

@ Contribute to DM in the Early Universe but negligible today atn~ — mxY

m o

Giacomo Landini 6(Tud) — m,,r:I:/mWO L 1 with 0 S_, 6(Tud) S) 0075 63



Explicit benchmark model

M = (mua mdams) Tud = mu/md
Meson masses
O S Tud S 1 " ' '
20
1.8 K
2
m,,/ms fixed as a function of (w4, Vr) so that m, = (2 + ”TR) My 16- K
with v < 0.1 1.4
1.0 fl
) 0.0 | 0.2 | 0.4 | 0.6 08 1.0
B m/r] — (2 —I_ %) mWO Fud
mg
T
M+

- Makes (almost) 100% of DM today

Giacomo Landini 6(Tud) — m,,r:I:/mWO L 1 with 0 S_, 6(Tud) S) 0075 64



Co-annihilations

- mn
mg
1 — {70 o= a | T
Stable states = {7", 7%, K} n ( Stable co-annihilating partners
L M
- m 0
KK < nr Keep the species in chemical equilibrium
7tar~ < 7979 _
Y; /Y0 ~ exp|—(m; — myo0)z/m o] i =7t K

Negligible contribution

M~ 1TM70 ey 2p) ~ 20 ey Yo /Y0 A2 1076
to DM relic

Mt S 1.075mp0 ey zp ~ 20 =y Y, i /Y0 0.5 Sizeable contribution
to DM relic

Z 2> Zfo
7tr~ — 7070 ===mp Negligible amount of 7= today == 100% of DM ~ 7 65



Boltzmann Equation benchmark model

Stable states = {7, 71':':,}{}
Negligible

77 = 7070 s Chemical equilibrium )y Y. . = Y0+ 2Y +

n + 3Hn = — (nnnﬁDM (Oprv) — n,?rmiwwﬂv)) N = Ngpy + 20y
z=mg,/T
Y =n/s
Detailed balance ~ n5(0yv) = n5d  (Orav) ] y V3
ay __ STn.eq TDM
_|— q dz <O-fr]7'rrU> ~H (Y”?Dl\/beq Y"TDM’eq
Chemical equilibrium nn/n:?TDM = (n, /N2 Deq

> 7'1'071'0



Boltzmann Equation benchmark model

All mm™ — 77 involving the different pion species must be taken into account

529+/5 m?2 49v/5 m? vom,

0 _ 70 0 _ 0 0 079 0) = ks

<O'(7]7T o 7'{'1127'{'1,2)?.)) = 518471']?# 53 (U(nﬂ-lj — T'T]_,Q)U> - 25927‘_1»# 5? <U(777T — T )U> o 647Tf,# 0
+  mitime

(Opmv) %((O‘(?}?‘TO — m7) + 2{o(n7’ = mym)v) + 2(o(nm — ﬂ'Uﬂ'l)U))

l §(rud) = Mgs [mgo — 1

_4455m2(6(rya)
(Onrv) = 51847 f2
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Boltzmann Equations (humerical)
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FIG. 1. Yield as function of z for mpy, 70, 75, 7.



Boltzmann Equations (humerical)
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Boltzmann Equations (humerical)
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DM self-interactions in halos

1287 |

0,0 0,0 —
T = T O'(U) a0 + m%v% m%(vQ—U%P—{—ZLFQUz/U%
_ _mg
00 = 128 /4
atar— = 7070 Efficient conversions in the Early Universe deplete the 77~ population

Negligible amount of TT today in halos

7070 — 7 tn— Up-scatterings are kinematically forbidden as § > v?

v <0.0033 = 0?2 <1070
DM velocity in clusters

e 10~° in (almost) all the parameter space (plot) 71



DM self-interactions in halos

Pion splitting

0.08

0.06 -

w004 -

002+

0.00

Fud



Large theta angle

f — Z arcsin (Z(rz) )

eflfl

m; —m; =

"

i \‘ Boo(6
Eeﬁ, odd terms — (;;( ) (dabc"ra'”b'”c -
2251 My/Mz0 e, 0 =m/2
O S 0 =m/4
' =0
= 175'
5
%1.50
~
1.25-
m;+ /Mo
1{_]{_}_ ...................
0.0 0.2 0.4 0.6 0.8 1.0

Tud

m:f — «(0)?

Cabede

10f2

MgTpT T g We)
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Large theta angle

m; — frz‘;” = \/m:f — «(0)?

. (rx(ﬂ)) i
= Z arcsin
i e N B()(X 7 Cabcde
' ﬁ(:ﬂ', odd terms — 3 f( ) (dabc"raﬂ_b"rc - fo_}u;"ra"rb'”c"rdﬂe)
10" - 10° : 0.24
0.072
0.064 0.21
0.056 0.18
0.048 0.15
ponez
o -0.09
-0.024
0,016 0.06
-().008 0.03
—(.000 —0.00
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Dark Pion interactions (¢ == 0)

Alternative choice: it also works with a 77’

(M2)ap o< Tr [M{/\"‘)\b}} 1
mnf
m +U(1)a anomaly a
m T
70

77/ 0 <
s
The mass of the 77’ Is determined by U(1) axial anomaly

-_—) practically it is a free parameter
My = (2 + %) M

Giacomo Landini 75



Gravitational Waves?

Figure by NANOGrav collaboration [2306.16219]

 Gravitational Waves signal?
Chiral Phase Transition is first-order if Ny > 3 Y 4
The PT critical temperatureis 7, ~ f; ~ O(10 — 100) MeV A A B A

logo T, /GeV log c. logyo H. R.

It could be relevant in view of PTA signal!
NANOGrav collaboration 2023

Need to introduce extra d.o.f. to study PT dynamics (e.g. Linear sigma model)

Avalue § # (0 maydeeply alter the PT properties!
SM QCD PT becomes first-order when 6 ~ Bai, Chen, Korwar (2023)
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DM relic abundance with 6 + 0

Degenerate quark spectrum gives degenerate pions

)

M:( :
m Lo = 200 AabeTaTpTe — S2bede 1 T T g
0 3fTrM-1 abcta’lblc 102 "ta bltcitdile

m

m2 = 2Bgm

DM number changing processes DM self-interactions

TDM TDM
0 Cabede 0 DM DM
dabce
’ﬂ'DM pr— + —|— P
TDM ™M
TDOM TDM
o/mx oc T constant

indipendent on 6
My

SIMP  (0320%) ox 022
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DM relic abundance with 6 + 0

Tension among DM relic and Bullet Cluster bound

Tension among DM relic and perturbativity

i 111 eV

The self-interactions cross section is constant

o /My x % 10! 102
T

No SIDM realization
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DM relic abundance with 6 + 0

Tension among DM relic and Bullet Cluster bound

Tension among DM relic and perturbativity

The self-interactions cross section is constant

0 /Mg oc
us

No SIDM realization

i1 Pley

'_':2:: 4 N\ ]

Same problems of
standard WZW SIMP
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Dark Baryons

Stable because of accidental global U(1)

'mng

BB — . m— Y~ o

Mp

Qprh? A 2
0.11 — (1OOTeV) <

A ~Anfr//N. ~O(100 MeV — 1 GeV)
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Chiral rotation

A~

L = —%Fz + qilpq — (G Mqr + h.c.) §222 FF

anomalous rotation

qr,r — €T0C12qp p  — 0= (1 =T

M — My = 9Q/2)[¢?0@/2

Choosing Tr(Q) =1 wp Remove F'F

Choosing Q = M~'/TrM~! = no lineartermsin 77
In the chiral Lagrangian
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Chiral rotation

A~

L = _in + qilpq — (G Mqr + h.c.) 5‘3]222 FF

More generically one can start from

. 2 ~
—(qrMe?® g + h.c) + LB FF

M

anomalous rotation

9]\/[ —>(9M—|—Oé

0 =0F +argdet M = 0p + Nf0Ops Invariant

Physical quantity (if all quarks are massive)
det M # 0
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Mass spectrum benchmark

SU(3); @ SU(s)RSQ“SU(g)V

™t = (7 £7m)/V2 , KT = (my +ims)/V2, KY/K® = (mg +im7)/V/2

U 08 Si . . . 3( i — THy
(ﬂ‘ ) _ ( mfu Opre  SIn Oy ) ( 3 )3 with tan(26, ) = \/_(ns — myg) | (B1)

n — SIn H'u?r cos 9”7‘, TR (?H»u_ + myg — 2’”11.5-)
The masses squared of the mesons are mi| = Bo(ma, + myg), mf{i = Bo(m, + my), mf K0 = Bo(mg + my),
while *m,fr“ and *mff; are the eigenvalues of
M2 — Bo(my, + mg) Bo(my, —ma)/V3 Bo
L B \/T Q | ( )
o/ (my —mg)/V3 Bo(my +mg+ 4mg)/3
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Mass spectrum benchmark

- Mesonmasses pion plng
[ n

Fud



Cubic interactions

0

. Byt
(BM1) 0 e 0
ﬁnﬂﬂ _— \/ngT]:J—TIlI _ 1 C {_}b (-_))gn-ﬂ' J?} i i

\/ﬁ(mu — mygq)

tan(20,,) = (Mg, +mg — 2my)
02 B2£ 4m?
['(n —DMDM) = 0 l-—2
(?} J E_Lﬁf?% My, (Tl‘f'llr_l )2 \/ 'ITI—%

Q.
£ = cos” 30yn
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Details of Symmetry Breaking

L = —in + qilpq — (G Mqr + h.c.) 1 9292FF

M — () —

327

U(l)y qL.r — €'*qL. R

iof A (@Laqr)
SU(Nf)L qr, — € qr SU(Nf)V

SU(N¢)r  qr — e'r g af = af

U(l)a  qr.r — €T%qLr
Anomalous! NfozFf
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Resonances in QCD

m(*Be) —2m(a) o m(PC") — m(*Be) — m(a)
m[BBE] | m("*C*)

= 0.000026.

aa — 8Be  followed by  8Bea — 12C*

Important process in stars

Similar to our resonant 3-to-2 processes

m(¢) — 2m(K") _ 0.094. m(Bg,) — mx(B*)f — m(K”)
Other examples: m(9) | m(B;1)
m(D"*) — m(D?) — m(=°) B m(Y(4S)) — 2m(B°)
m(D") = 0003, m(Y(45))

— 0.0011,

= 0.0019.
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Instantons

[d*aFe, Frve = [ diad, K" = [ do, K

Total derivative

Instantons are (pure-gauge) field configurations which satisfies

f d4xFCL uva — 3272
g2
I—' Integer (winding number)

Classical solution to (Euclidean) e.o.m.

Tunnelling among gauge configurations with different winding numbers
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Instantons

[d*aFe, Frve = [ diad, K" = [ do, K

Total derivative

+00
Theta vacuum 0) = Z e |n) .

n=—00 : s
I—' Vacuum with winding number n

2
. .’—l 1 ~ QS 4 ~y ()f ) ~
(O]0-)5 = E /DA o~ [ A’z §GCFi0 55 [die GG J-term g (Lf i /fi4:1‘ GG)
v "

3272
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