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Dark Matter evidence

Dark Matter existence is supported by astrophysics and cosmology

Observa tions
from starlight
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Dark Matter relic abundance: WIMP

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

TDM SM
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DM relic Thermal equilibrium
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Dark Matter relic abundance: SIMP

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

DM TOM First proposed as The SIMP Miracle by
TDM DM Y. Hochberg,E.Kuflik, T.Volanksy,).G.Wacker

TOM X (2014)
TDM bM SM SM TDMTDMTDM < TDM7TDM

DM relic Thermal equilibrium

TDMTDMTDM — TDM7TDM
2 2
dYy ~ __ S (03207) Y3 Y° Y2\ z=mpu/T ~ mpn/O(10 — 20)
z zH eq Ye?’q Yezq Y =n/s o

—

DM relic abundance Yy, ~ m2,\/ Mpi(o3202)
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Dark Matter relic abundance: SIMP

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

TDM -
DM TDM TDM
TDM

DM relic Thermal equilibrium

dY ~o 82(032U2>Y3 Y2 Y2\ z=mp
o eq \ Y3 Y2 ) Y=n/s

DM relic abundance Yy, ~ m2,\/ Mpi(o3202)

'

Giacomo Landini DM mass MmMmpwm (TGQqMPl)l/B ~ 100 MeV - GeV

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

See also
Y. Hochberg,E.Kuflik,H.Murayama
T.Volanksy,).G.Wacker (2014)

Y. Hochberg,E.Kuflik,H.Murayama (2015)
A.Kamada,H.Kim,T.Sekiguchi (2017)
A.Katz,E.Salvioni,B.Shakya (2020)
Chu, Nikolic, Pradler (2024)




Small scale issues

N-body simulations of collision-less DM on small scales (< 100 kpc)

Small scale galaxies — large DM density
l DM velocity v ~ 20 — 200 Km/s

Universal halo profiles with large central density p(?“) o P in the central regions

g ~1

In contrast to numerous observations (dwarf galaxies): 8~ 0
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Small scale issues

N-body simulations of collision-less DM on small scales (< 100 kpc)

Small scale galaxies — large DM density
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Possible solutions

Systematic uncertaintes in deriving DM distributions from observations

Inclusion of dissipative baryonic processes in simulations

DM self-interactions

Spergel and Steinhardt (2000)...

Still no general consensus!

v ~ 20 — 200 Km/s

in the central regions

g ~1

core radius |

Radius

Figure by Del Popolo, Le Delliou [1606.07790]
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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~ 20— 200 Km/s
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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~ 20— 200 Km/s

BUT

56’

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

Bullet Cluster and other galaxy clusters

o(v)/mpm S 0.5 Cm2/g
for v ~ 2000 Km/s

—55°58'
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Giacomo Landini

Self-interacting Dark Matter (SIDM)

Elastic Dark Matter scatterings

Spergel and Steinhardt (2000)

TDMTDM — TDM7TDM

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

Need for a velocity-dependent self-interaction cross section
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o(v)/mpm ~ 1 — 10 cm2/g
for v ~ 20— 200 Km/s

o(v)/mpm < 0.5 cm? /g
for v ~ 2000 Km/s
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Self-interacting Dark Matter (SIDM)

Elastic Dark Matter scatterings Spergel and Steinhard (2000)
Dave et al. (2001)
ﬂ-DM ﬂ‘DM —> ﬂ‘DM ﬂ-DM Vogelsberger et al. (2001)

Need for a velocity-dependent self-interaction cross section

{o /Moy In cma,-fg = kmys

10t
104
10° =

10!

10"
[}

Ve =140 kmy/s

vy =1000 km/s

o 6=0.003

1
10! 10° 107

vy in kmys

104

Possible realizations: light (MeV) mediator, resonant self-
interactions (see also Chu, Garcia-Cely,Murayama 2019),...

o(v)/mpm ~ 1 —10 cm?/g
for v ~ 20— 200 Km/s

o(v)/mpm < 0.5 cm? /g
for v ~ 2000 Km/s 19



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

L=—3F?+qilpqg— (GLMqr + h.c.) 1 5‘37222 FF

usually ignored

Ny flavors of light quarks M = diag(mq,--- ,mn;,)



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

L=—3F?+qilpqg— (GLMqr + h.c.) 1 5‘37222 FF

usually ignored

Ny flavors of light quarks M = diag(mq,--- ,mn;,)

Gauge interactions confine at scale A > m,

Giacomo Landini 22



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

L=—3F?+qilpqg— (GLMqr + h.c.) 1 5‘37222 FF

usually ignored

Ny flavors of light quarks M = diag(mq,--- ,mn;,)

Gauge interactions confine at scale A > m,

NJ? — 1 light pseudo-goldstone bosons ¢ {

M w1~ /A
Giacomo Landin Pion-like Dark Matter! s
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QCD-like theories (6 = 0)

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

Lo = L=T7(0,Ut0RU] + &= BoTr[M U + UtMT] +Lwzw
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Giacomo Landini

QCD-like theories (9 = 0)
The low-energy dynamics of dark pions is described by ChPT
Lo = L=T7(0,Ut0RU] + &= BoTr[M U + UtMT] +Lwzw

U =exp(it®\*/fr) A~ dnf./\/N, ChPT breaks down for m, = A

-
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QCD-like theories (6 = 0)

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

Lo = L=T7(0,Ut0RU] + &= BoTr[M U + UtMT] +Lwzw

U =exp(it®\*/fr) A~ dnf./\/N, ChPT breaks down for m, = A

-

First proposed in the context of SIMP DM by

i N,
Y. Hochberg,E.Kuflik,H.Murayama L — c PO Tl w0 7O - TO T
TVolanksy,).G.Wacker, WZW 24072 f> [ 2 v P o ]

The SIMPlest Miracle (2014)

DM number changing processes

a
T WZW d
b ><
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30



QCD-like theories (9 = 0)
The low-energy dynamics of dark pions is described by ChPT
Lo = L=T7(0,Ut0RU] + &= BoTr[M U + UtMT] +Lwzw

U =exp(it®\*/fr) A~ dnf./\/N, ChPT breaks down for m, = A

First proposed in the context of SIMP DM by

) N, vpo
" Hospbeg Eutl i usyana Lwzw = =iy Tr{r0,m0, 70,707

The SIMPlest Miracle (2014)

DM number changing processes DM self-interactions
T WZIW 4 m e
! NO cubic vertex ><

c e 7Tb 7Td

T m

5 2
2 m 2 Moy T My nstant
Giacomo Landini SIMP <032U > X (ﬁ) ve o~ (f%o) (mﬁ) O-/mﬁ X fa consta
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QCD-like theories (6 = 0)

This framework predicts MeV DM but...
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QCD-like theories (6 = 0)

This framework predicts MeV DM but...

Tension among DM relic and Bullet Cluster bound

Tension among DM relic and perturbativity

o 111 Ml
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QCD-like theories (6 = 0)

This framework predicts MeV DM but...

Tension among DM relic and Bullet Cluster bound

Tension among DM relic and perturbativity

I 111 Mle¥

The self-interactions cross section is constant

/Mg o<

No SIDM realization

Giacomo Landini 34
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QCD-like theories (4 + 0)

The low-energy dynamics of dark pions is described by

Log = =170, Ut0nU] + L= BoTr[MpU + Ut M]] +Lwzw
U =exp(it®\*/fr) A~dnf./\/N, ChPT breaks down for m, = A

MG _ eiHM_l/TT[M_l]M
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Giacomo Landini

QCD-like theories (6 + 0)
The low-energy dynamics of dark pions is described by
Log = L=Tr[0,Ut0#U] + L= ByTr[MpU + UtM]] +Lwzw
U =exp(in®\/f.) A~ drf. /N, ChPT breaks down for m, 2 A
My = ez'HM_l/Tr[M_l]M

New odd interactions induced by §

36



QCD-like theories (4 + 0)

The low-energy dynamics of dark pions is described by

Lo = L=Tr[0,UT01U] + L= ByTr[MyU + Ut MJ] +Lwzw

U =exp(it®\*/fr) A~ dnf./\/N, ChPT breaks down for m, = A

-

MG _ eiHM_l/TT[M_l]M

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

Bo 0 bede o
EQ pum— 3f7TT7C’]'M_1 (dabcﬂ-aﬂ-bﬂ-c — _Clgf—% Waﬂ-bﬂ-cﬂ-dﬂ-e) dabc — ﬂ({AajAb}Ac)/4

See also
A.Kamada, H.J.Kim.Kuflik, T.Sekiguchi
(2017) a

v Tr
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QCD-like theories (4 + 0)

The low-energy dynamics of dark pions is described by

Lo = L=Tr[0,UT01U] + L= ByTr[MyU + Ut MJ] +Lwzw

U =exp(it®\*/fr) A~ dnf./\/N, ChPT breaks down for m, = A

-

MG _ eiQM_l/TT[M_l]M

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

Bo 0 bede o
Lo = S TrM—T (dabc%ﬂbﬂc ~ —Clgf% 7Ta7Tb7Tc7Td7Te) dave = Tr({Aa; M }Ae) /4

See also
A.Kamada, H.J.Kim.Kuflik, T.Sekiguchi
(2017) a

0 T 0 NEW TYPE OF
b >< e ‘__< VERTEX!!!
c € e

T
Giacomo Landini Q 38



QCD-like theories (4 + 0)

For non-degenerate quarks the spectrum can account for a resonance

(MZ)ap o Tr [M{X*A"}] " (2 + ”l%f) m. vr S0.1
= e ™ R ~~5 V-

a
M = ( . ) ﬁ 7 { co-annihilating DM partner ng < ny ~ nNpMm

Ny @ Dark Matter

Giacomo Landini 39



QCD-like theories (4 + 0)

For non-degenerate quarks the spectrum can account for a resonance

(M?)4p o< T [M{)\“/\b}}

n v2
m ()= (2+ %) me v 501
M — ( ) ﬁ 7-(-05 m K
My, - m
P Unstable resonance
0> B3¢ 4m?2
F(?] — ﬂ-ﬂ-) — 247Tf§mn(’_1'qrM*1)2 1 - WTQ

Decay induced by 6

p TDM
n———-

TDM
In the SM: Crewther, Di Vecchia, Veneziano, Witten (1979)

Giacomo Landini 40



QCD-like theories (4 + 0)

For non-degenerate quarks the spectrum can account for a resonance

d @:(QnL%>m7T vr 0.1
S ==

iz,

(M?)4p o< T [M{)\“/\b}}

TDM

m(°Be) — 2m(a)

m("Be)

Similar to —0.000012. inthe SM

Explicit benchmark model in the following

The small splitting vr may originate from O(6?) corrections to the masses
VR ~~ 0.10

Giacomo Landini 41



QCD-like theories (4 + 0)

For non-degenerate quarks the spectrum can account for a resonance

i @:(2+%>m7T vr S 0.1
Wa{

Mg

M
TDOM

6 induces the following resonant interactions

Resonant 3-to-2

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

TDM TDM

Giacomo Landini Early Universe # DM relic .



QCD-like theories (4 + 0)

For non-degenerate quarks the spectrum can account for a resonance

i @:(2+%>m7T vr S 0.1
Wa{

Mg

M
TDOM

6 induces the following resonant interactions

Resonant 3-to-2 Resonant self-scattering

TDM TDM
Camilo Garcia-Cely,
GL, Oscar Zapata 9___7/72__9
[2405.10367]
TDM TDM T™DM TDM

Giacomo Landini Early Universe === DM relic Today in halos === SI|DM 43



QCD-like theories (4 + 0)

For non-degenerate quarks the spectrum can account for a resonance

! @:(2+%>m7T vr S 0.1
Wa{

Mg

M
TDOM

6 induces the following resonant interactions

Resonant 3-to-2 Resonant self-scattering
TDM
0 TDM TDM TDM
Camilo Garcia-Cely, \~\7é n n
GL, Oscar Zapata < 9___7/___9
TDOM
[2405.10367]

TDM TDM TDM TDM

Giacomo Landini Early Universe === DM relic Today in halos === SI|DM a4




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

DM relic abundance with 0 + 0
Resonant 3-to-2 processes

TDM

St
~._ 7
\7[\\

TDM p

[9 + 0 == On-shell 17 resonance exchange ]

TDM TDM

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

DM relic abundance with 6 + 0

Resonant 3-to-2 processes

3%%2#@@-——-» nmw — 27

TDM

TDM TDM

Giacomo Landini
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DM relic abundance with 6 + 0

Resonant 3-to-2 processes

TDM 3 — 21 ~ 2r —1n ---->
>9

TDM

[9 + 0 == On-shell 17 resonance exchange ]

Giacomo Landini 47



DM relic abundance with 6 + 0

Resonant 3-to-2 processes

res

TDM 3T — 2w ~ 27T—>?’] -=-=-->

TDM

[ 1 acts as a catalyzer ]

[9 + 0 == On-shell 17 resonance exchange ]

Giacomo Landini 48



DM relic abundance with 6 + 0

Resonant 3-to-2 processes

res

TDM 3T — 2w ~ 27T—>?’] -=-=-->

TDM

[ 1 acts as a catalyzer ]

[9 + 0 == On-shell 17 resonance exchange ]

Similar to resonant triple- « reactions in stellar burning  3a — 12¢* ~ aa — %Be---8Bea — 12¢*

Giacomo Landini 49



DM relic abundance with 6 + 0

Resonant 3-to-2 processes

DM 3m — 2 ~ 2m —mn ---> 7T — 27
>9
\\7[ R
TDM
[ 1 acts as a catalyzer ]
[9 + 0 == On-shell 17 resonance exchange ]
TDM TDM
Chemical equilibrium
T T
0.7 ~ 0
n---<_ T o 62 ===
\\ 7_‘_ 7_‘_/
Y, _ Y?

Tnemm)) > H el Yiea  YZ2.q

Giacomo Landini 0 > Qmin ~ ]_0_4 50



DM relic abundance with 6 + 0

Resonant 3-to-2 processes

res
DM 3T = 2n ~ 2w = n ---> T =27
>, e
\\7{ R
TDM
[ 1 acts as a catalyzer ]
[9 + 0 == On-shell 17 resonance exchange ]
TDM TDM
Chemical equilibrium Boltzmann Equation
T o
n--% g 2 U
- - S 3 2
N el ay __ 8Yh . eq YoM YoM
T T q E _ _<O-777TU> ~H (Yﬂ? e o Y"TDM eq
Y, Y2 DM |
I'n<nmm)) > H = vz
< (77 )> # Yn,eq Y‘fl',eq Y = Y’.’TDI\J + 2Y?7 = Y’:’TDM (O-TF’JTU> X m?T/f?%
z=my/T 51
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DM relic abundance with 6 + 0

Resonant 3-to-2 processes

>€ TDM
IR

TDM

[9 + 0 == On-shell 17 resonance exchange ]

Chemical equilibrium

0.~ ~ 0
n---<_ T o 62 ===
S 7_‘_ 7_‘_/
Yy, _ Y7

Tnemm)) > H el Yiea  YZ2.q

Giacomo Landini 9 > Qmin ~ 10_4

res

Im—=2r ~ 2mr - 1n ---->

[ 1 acts as a catalyzer ]

TDM TDM

Boltzmann Equation
2-to-2 annihilations indipendent on

Y = Y’.’TDI\J + 2Y?? = Y"’TDM (UT}WU) X m?T/f’f%

z=mg/T 52



Explicit benchmark model

M = (my, ma, ms) Tud = My /My

Meson masses
0 S Tud S 1 .....................

2
m,, /ms fixed as a function of ("vd,Vr) so that m,, = (2 i UTR) m, L6l Kt

with vg < 0.1 1.4

l 1.2_
1.0

0.0

vE
B mn = (2 + T) T 0
mpeg
a dY

T - q dz :_<0-an>82[{

T+
- TN 0

Giacomo Landini 5(fr-ud) — mﬁi/mﬂo — 1 with 0 S_; 6(Tud) SJ 0075

0.4

Fud

Yn,eq

0.6 0.8

1.0

Y2

(Onrv) =

Y3
T™DM _
2
Y’JTDM ,eq

TDM
Y’"DM »€q

445\/5mi0 0(rud)

5184w fa

53

)



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

Giacomo Landini

DM relic abundance with 6 + 0

[r in MeV
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DM relic abundance with 6 + 0

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

~

-

2 NO tension among DM relic,

i Bullet Cluster bound and
perturbativity! )

10! |
10 10° 10¢

Giacomo Landini 55



DM relic abundance with 6 + 0

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

\
e
s T NO tension among DM relic,
i Bullet Cluster bound and
perturbativity!
/
~
Indipendenton 6, vr aslong as
10" | 0 > Omin ~ 104 s VR 5 0.1 )
10! 10° 10°
oy In MeV

Giacomo Landini 56



DM relic abundance with 6 + 0

Camilo Garcia-Cely,
GL, Oscar Zapata

[2405.10367]
. )
s T NO tension among DM relic,
i | Bullet Cluster b.o.un'd and
e ~ perturbativity! y
The mechanism is general! N
(Benchmark model is just an Indipendent on ¢, vk as long as
illustrative example)
N s 0 > Omin ~ 107%, v S 0.1 ,
10! 10° 10°
oy In MeV

Giacomo Landini 57



QCD-like theories (4 + 0)

For non-degenerate quarks the spectrum can account for a resonance

i @:(2+%>m7T vr S 0.1
Wa{

Mg

M
TDOM

6 induces the following resonant interactions

Resonant 3-to-2 Resonant self-scattering

TDM TDM
Camilo Garcia-Cely,
GL, Oscar Zapata 9___7/72__9
[2405.10367]
TDM TDM T™DM TDM

Giacomo Landini Early Universe === DM relic Today in halos === SI|DM 58



SIDM with 6 + 0

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

TDM TDM

TDM TDM
0 n 0 Camilo Garcia-Cely,
Already presentin o . > XU ___ /I meme)p  GL, Oscar Zapata
Hochberg et al (2014) ¢ 7 [2405.10367]
TDM TDM TDM TDM
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SIDM with 6 + 0

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

TDM TDM

TDM TDM
N Camilo Garcia-Cely,
Already presentin 0 Y S 0 meme)p  GL, Oscar Zapata
Hochberg et al (2014) [2405.10367]
™M DM TDM TDM
_ 1287 r? v = DM velocity
O-(U) =00 T+ m2uvs m2(vZ—v$)244I202 /v,
constant term resonant term

2 V=EVR

m
inthe benchmark model og = W

2
m, = (2—1—%)77% vp < 1

- 0>BZ¢ 4m?2
F(n — ﬂ-ﬂ-) T 24w f2my, (TrM—1)2 1 - m3
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SIDM with 6 + 0

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

TDM TDOM TOM TDM
0 n 0 Camilo Garcia-Cely,
Already presentin o . > XU ___ /I meme)p  GL, Oscar Zapata
Hochberg et al (2014) ¢ 7 [2405.10367]
TDM TDM TDM TDM
1287 2 v = DM veloci
o\vV) =0 — velocity
( ) 0 T m2uvs m2(vZ—v$)244I202 /v,
constant term resonant term

2 V=EVR

inthe benchmark model og = W

v ~ 100 km/s ~ 0.0003 el resonance at small scales

Giacomo Landini 61



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

Giacomo Landini

{ervh/mnn In cmzfg = kmys

SIDM with 6 + 0

10!

L®

»
1
- 'I-\-\K f

b ]

e -
.--"'f
Ll !

10 107

vy in kmys

1000 km,/s

#=0.003

10°

10*

Realization of SIDM for vr ~ 100 km/s ~ 0.0003
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Camilo Garcia-Cely,
GL, Oscar Zapata
[2405.10367]

4( works better for\
6 ~ 10~ 142}

Compatible with

\ er~{00L 10

Giacomo Landini

{ervh/mnn In cmz;’g = kmys

SIDM with 6 + 0

10°

10!

10"

0]

P

140 kmy/s

vy in kmys

o =1000 kmy/s

#=0.003

10°

10*

Realization of SIDM for vr ~ 100 km/s ~ 0.0003
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Camilo Garcia-Cely,
GL, Oscar Zapata
[2405.10367]

/It works better for\
6 ~ 10~ 142}

Compatible with

\ er~{00L 10

. 2
{orvy/mpy  in cm” /g x kmys

SIDM with 6 + 0

=1

10!

|I-I'.

vy in kmys

~

The DM relic abundance can be
obtained even if the SIDM picture is not
realized as long as vz < 0.1 ~ 30000 Km/s

—4
\_ 6> 10 )

10° 10*

[ Realization of SIDM for vr ~ 100 km/s ~ 0.0003 ]

Giacomo Landini
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Comments on the results

DM is a pion of a QCD-like dark sector

6 > 104 Resonance in the spectrum

N

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

only small amount of tuning vr < 0.1

We can solve small-scale issues with resonant self-scatterings

larger tuning is required vr ~ 100 km/s ~ 0.0003 ...which may originate from v ~ 0

Giacomo Landini 65



Outlook

Straightforward

* Generalize to other gauge groups

Ny >3 for SU(N,)
Lo = gfﬂﬁﬁg/_,l (dabcwaﬂbﬂc — —Cfg}dge 7Ta7Tb7Tc7Td7Te) #0if § Ny >3 for SO(N,)
Ny >6 for Sp(N,)

e Generalize to other benchmark models

Different choices of Ny and M = (mq,--- ,mn;,)

= Small DM representations are preferred from BC bound
Easily obtained breaking mass degeneracies

= Anomalous axial U(1) with resonant 77’

Giacomo Landini 66



Outlook

Moderate

* More systematic analysis of the spectrum dependence on @

Symmetry-based arguments for M, = 2m

Origin of the small splitting from vp ~ 6

* More realistic model with SM portal (ALP? Dark Photon?...?)

Which portals can establish efficient thermal equilibrium?

What are the phenomenological consequences of the portal?

Giacomo Landini
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Gravitational Waves signal?

Outlook

Elaborate

Chiral Phase Transition is first-order if Ny > 3

The PT critical temperatureis T, ~ f, ~ O(10 — 100) MeV

I rPT-BUBBLE + SMBHB
Il rPT-BUBBLE

““““““““““

............

logy T /GeV

logy( .

-2
log,o H.R.

It could be relevant in view of PTA signal!

Figure by NANOGrav collaboration [2306.16219]

NANOGrav collaboration 2023
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fr in MeV

Relic abundance
T
10
E 10° -
X E g
-‘f‘f ' .-;;\'-3&.
z ﬁ:«
g 10° = -
£ o
=
2 lﬂ'g P
P 02"
100
Ll
10!

Self-scatterings

T

10°

10! |
10!

Camilo Garcia-Cely,

GL, Oscar Zapata
[2405.10367]

Giacomo Landini

10°
Moy in MeV

vp =140 km/s

102
{vy in km/s

Vg =1000 kmys

10

Thank you for the attention!

#=0.003
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Backup slides



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(Nf)L 02y SU(Nf)R — SU(Nf)V

TDM TDM

Choose Qp(q)

€ Thermalization eF'HY F! to eliminate axial anomaly
pv 0
. . === stable 7T
Kinetic mixing
SM SM

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

2 )

. 1 5 . 1 . g 1 5 5 2mif2N\ o, omi L.
L'EL]' — —1—ﬂ'1§|'_12 — ._-IHQEEE; frjrj?.} qT'q__;l' 4+ ]'.1.':'. # ~5 m_a + fg_ - 4+ T;&"Tl’ﬁ

ar — am

Thermalization
a < Yy 5



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(Nf)L 02y SU(Nf)R — SU(Nf)V

TDM TDM
Choose @Qp(q)
14 € Thermalization ¢ F#Y F to eliminate axial anomaly
& v —p stable T°
Kinetic mixing
SM SM
Make sure that: thermalization is efficient

T — 77V

are subdominant for DM relic
Tr—V > ete”

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



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(Nf)L 02y SU(Nf)R — SU(Nf)V

TDM TDM
Choose Qp(q)
4 L 7 ;
€ Thermalization EFMVF;LV to eliminate aX|alOanomaly
J =P stable 7T
SM SM 1g . =] .
1o-'f DELPHI [—Tomoll o ]
10—2;— © EWPO
ID_SW BaBar (inv) E&Oﬁ
- _4:_..-;-1.:;-1‘ (v18) 6@5‘ .
Y. Hochberg, E.Kuflik,H.Murayama (2015)  © 0 ¢ ?F g
]_0_5_— &
m_@;_ z SU(2),N; =2
: ap = 1/4w
1077F m, = 300 MeV |
-8[ R S e ] A el 0 0 annan
100 1 10! 102 103

my 73



Resonhance and ¢

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

—>  |m2 = 2Bym(1 — 2562/512)

s

'm;, = 8Bom(1 — 56°/1024)
2
—>mr,,,:(2%—%)777,7T vr ~ 0.4 0

It works for DM relicif 107% <60 <0.5

It works for small scale anomaliesif 6 ~ 1077



DM relic abundance with 6 + 0

Resonant 3-to-2 processes

res

DM 3T = 2n ~ 2w = n ---> T =27
0 TDM
~._ 7
[9 # (0 == On-shell n resonance] ~L.
TDM >
1 acts as a catalyzer
TDM TDM
FgHudYﬂ[)n[ = + 2,?!}{]? — TI)[&,-ITI’D]'-,]} ( };'-Fj' _ }IT?]}M ) L WE{T,’TI}[&,{ . TI'D]'.JTD[.VI\J ( }fr} }r'.fl']j:-.! _ YT?]}M )
. N d.z B o yl‘]:ﬂﬂ }’;EDM:QQ I ) Y;’.l-f-‘l'{ ]/TIF[:.M:EQ };'J'I?]j),].l'_"q
4
dx, Y, Y2 Y, Y Y2
sHz—" = —7yp(n — TomMTpM) ( - e ) — Y2(NToM —+ TDMTDM) ( D T )
\ 2 }rll_:_*q }fﬁ}}j:eq KI;UQ Y”_'-Df-[-"-‘q ]/7?[3}1:9‘-1

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

Giacomo Landini 75
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DM relic abundance with 6 + 0

Condition for chemical equilibrium

T T
/’ \\
” ~
/’ S
Mo ‘_9( I o 62 \f---’]---
\\ ’/’
~ -~
N ”
N P
T T

ITnemm)) > H oty 0> 0, ~ 1074

evalutated at freeze-out of nm — 27

l defined as 1y eq(2f0) (Onrv) ~ H(25)

2
Y»,? p— };ﬂ'
Y’r],eq Yﬂ',eq

The Boltzmann equations simplify!
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DM relic abundance with 6 + 0

Condition for chemical equilibrium

Hmin
T T T & T
10° |3
| 0.00045
\0.0002 0.0003\ | 0.00p4
> )
= .
= el
x c].uuu._u.,:
| 0.00085
rud=0.33
vr=200 km/s| . .
lUl ] 1 ] o b
10! 10° 10?

My in MeV

Interaction rates

#=0.01

Vg = 200 km/s
-'--__

Hubble

My = 100 MeV

£ =40 MeV
rg =033 <H 0
5 10 15 20 25 30 35
z=mpy [T

77



DM relic abundance with 6 + 0

Resonant 3-to-2 processes

res

DM 3m— 27~ 2mr = ----> nm— 27
>\9 TDM
[9 £ () == On-shell N resonance] \‘%?\
TDM p
[ if 0> 0, ~ 1074 ]
TDM TDM

(. dYx Y, / Y, Y, Y2
sHz—"2M — 4 9vp(n — TpMTDM) ( 1 o ) + Y2(NTDM — TDMTDM ) ( 7 ToM oM

"':2 r r .-"':2
* yry}’-’rlnhﬂq }"l’-‘-‘q ]/?r[:.:u:m }’-’FJJM-L‘Q

dy, Y, 2 v v v

~ 7 ~ — 7 T ~ L) ToM Ton
sHz—= = —7yp(n—= omTom) | V2 ) —Y2(mom — TomToM) | 33 - 33

\ “ .5 ToM 20 m.eq - ToM,eq Ton .20

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 3T = 2n ~ 2w = n ---> T =27
0 TDM
[9 + () == On-shell N resonance] \*%17
TDHM P
[ if 0 > O ~ 10~4 ]
TDM TDM
3 2 z=my/T
dz nw ~H Y2 eq Yroa.ea (Onrv) X M2/ [
Y = Y?TDM + QYU = YTFDM

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

Giacomo Landini 79



DM relic abundance with 6 + 0

Resonant 3-to-2 processes

res

TDM 3T — 2w ~ 27'('—)?’] -=-=-->

0 TDM
[9 + () == On-shell 7 resonance ] \‘7417

~

Giacomo Landini

TDM

[lf 6 > Qmin ~ 10_4]

TDM TDM

The relic is fixed by 2-to-2 annihilations

3 2 z=my/T
dz cH \ YZ 0 Yaoueq (Onmv) ocmz/ fr
Y = Y?TDM + 2Y77 = YTFDM

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 3T = 2n ~ 2w = n ---> T =27
0 TDM
[9 + () == On-shell N resonance] \*%17
TDHM P
[ if 0 > O ~ 10~4 ]
TDM TDM
3 2 z=my/T
2 (rye0) Gy sy — P |
dZ niw ~H Y“’TDM’eq YWDM,eq (0-7]71'?-)> 0.6 m?r/f#
Y = Y?TDM + QYU = YTFDM

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

Giacomo Landini Yiou = Yapu.eq(2to) defined as ny) eq(260)(0mv) ~ H(2t) 81



Explicit benchmark model

M = (my, ma, ms) Tud = My /My
Meson masses
0 S Tud S 1 S j.F ................
20 ]
1.8 K 1
2
m./ms fixed as a function of (w4, Vr) so that m, = (2 + ”TR) M. 16 K ]
with vg < 0.1 1.4
l ]
1.0 m
L N 'irr N N d
) 0.0 02 0.4 0.6 08 1.0
- m,, — (2 —|_ %) mﬂ-o Fud
a @ ng < Ny ~ NpM always negligible
T -
M+
) m o

Giacomo Landini 5(Tud) — mW:I:/mWO o 1 with 0 S_, 6(Tud) SJ 0075 82



Explicit benchmark model

M = (my, ma, ms) Tud = My /My

Meson masses
0<rya<1 B |

2
mu/ms fixed as a function of (rud, UR) so that m, = (2 i UTR) m, e __,_..»-—-I"*

with vg < 0.1 1.4
l -

0.0 0.2 0.4 0.6 0.8 1.0

Fud

'U2
: My = (2 + TR) Mo
mg

@ Contribute to DM in the Early Universe but negligible today atr™ — 7Y

m o

Giacomo Landini 5(Tud) — mW:I:/mWO o 1 with 0 S_, 6(Tud) SJ 0075 83



Explicit benchmark model

M = (my, ma, ms) Tud = My /My
Meson masses
0 § Tud S 1 . - :
20
1.8 K
2
m./ms fixed as a function of (w4, Vr) so that m, = (2 + ”TR) M. 16 K
with vg < 0.1 1.4
1.0 i
) 0.0 | 0.2 | 0.4 | 0.6 0.8 1.0
- my = (2 + %) 10 Tud
mpeg
T
M+

- Makes (almost) 100% of DM today
84

Giacomo Landini 5(fr-ud) — mﬁi/mﬂo — 1 with 0 5 6(Tud) SJ 0075



Co-annihilations

- mn
mK
1 — {70 % a | e
Stable states = {7, 7+, K} m ( Stable co-annihilating partners
L Mg
- TN 0
KK < nmn Keep the species in chemical equilibrium
rtr~ < 7070 . n
Y; /Y0 ~ exp|—(m; — myo)z/mo] i=7% K

mpg ~ 1.7m o — 2t ~ 20

Met S 1.075mp0 =y 20 ~ 20

Z > Zfo

Vi /Yi0o 21076

Negligible contribution
to DM relic

Y /Y0 0.5 Sizeable contribution

to DM relic

atn™ — 7070 =edp  Negligible amount of 7% today = 100% of DM ~ 7° 85



Boltzmann Equation benchmark model

Stable states = {7, Wi,}{}
Negligible

7777 — 7970  ssmp Chemical equilibrium gy Y. ., = Y0+ 2Y +

n + 3Hn = — (nnnWDM (Opmv) — ?’I,%_DM<O'7TW’U>) N = Ngpy T 2Ny
z=mgy/T
Y =n/s
Detailed balance  n;%(0,:v) = n5d (0rrv) v v3 V2
+ — = —(0ev) (ygﬂDMe T —
Chemical equilibrium nn/n:?TDM = (nn/n?TDM)eq oM

n <> Tl'O?TO
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Boltzmann Equation benchmark model

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

5201/5 m? 49/5 m? VEm;

0 B o 0 - 0 0 0_0Yy,\ _ 0

(o(nm — T 2m1 2)0) = 51847 [+ 9, (o(nmia — mm2)v) = 25927 [ 5, (o(pm’ = m)v) = 64 f1 )
4+ _ mitims

(Opmv) ;((g(nwo — 7)) + 2(o(nm’ — mm)v) + 2{o(nT — ?TU?T1)U>)

l §(rud) = Mgt [Tgo — 1

_445vB5m2 5 6(rya)
(Onrv) = 51847 f2

87



DM self-interactions in halos

1287 |

0.0 0.0 —
T T O-(U) 0o + m2vs m2(vZ—v$)24+4I202 /v,
_ _m;
00 = 128 /4
7tr™ — 7070 Efficient conversions in the Early Universe deplete the 7#T7~ population
Negligible amount of 7'(':': today in halos
om0 — wtn— Up-scatterings are kinematically forbidden as 6 > v?

v <0.0033 —> 0?2 <1070
DM velocity in clusters

e 107° in (almost) all the parameter space (plot) 88



DM self-interactions in halos

Pion splitting

.08

006

w004 -

0.02

0.00

Fud



Outlook

Elaborate

* Gravitational Waves signal?
Chiral Phase Transition is first-order if Ny > 3

The PT critical temperatureis T, ~ f, ~ O(10 — 100) MeV

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 ~ 7 Bai, Chen, Korwar (2023)

Giacomo Landini 90



Outlook

Elaborate

* Gravitational Waves signal? PTA? 0#07?

Giacomo Landini

« 0+#0 isanew source of CP-violation

observables? useful for baryogenesis?

91



DM relic abundance with 6 + 0

Degenerate quark spectrum gives degenerate pions

)

M:( -
m Lo = 200 AopeTo TpTe — S2bede T Ty T . TgT
0 3, TrM 1 abctalbilc 1072 "a bilcitd/e

m

m2 = 2Bym

DM number changing processes DM self-interactions
TDM TDM -
0 Cabede 0 TDM DM
dabce
WDMX = ><+ + .. >-<
TDM TDM
DM TDM
o/my, oc 2 constant

f

indipendent on 6
My

SIMP  (0320%) o 0%

92



DM relic abundance with 6 + 0

Tension among DM relic and Bullet Cluster bound

Tension among DM relic and perturbativity

fo 111 Dlel

The self-interactions cross section is constant

o/ o< B o

No SIDM realization

93



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

/Mg o<

No SIDM realization

111 Puley

'.'3:: 4 N\ ]

Same problems of
standard WZW SIMP

94



NFW profile

log (p/po)

107
106
10°
104
10.‘3
102
101
10°
1071
1072

103

Density profiles

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

10° 10 10 1072 107! 10° 10°

log (r/Ry)
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Dark Baryons

Stable because of accidental global U(1)

'mng

BB — = Yz~ D

Mp

Qph? A 2
0.11 — (1OOTeV) <

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

A~

. B 2
L = —in + qilpq — (G Mqr + h.c.) - §222 FF

anomalous rotation

qr.r — €709/ 2q) p e— 0= 1 -TrQ)s

M — My = e9RQ/2\[¢i0Q/2

Choosing Tr(Q) =1 wp Remove FF

Choosing Q = M~'/TrM~! = nNo lineartermsin 77
In the chiral Lagrangian

97



Chiral rotation

A~

2
L = —in + qilpq — (G Mqr + h.c.) - 5‘3]222 FF

More generically one can start from

. 2 ~
—(qrMe?™qr + h.c) + L FF

M

anomalous rotation

9]\/[ —>9M—|—Oé

0 =0f +argdet M = 0p + N0y Invariant

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

98



Mass spectrum benchmark

SU(3)1, ® SU(s)RSiGSU(g)V

71':'::(71'1 iﬂg)/\/ﬁ,f{i=(ﬂq Iﬂ'r /\/ﬁ If“/}”“ (ﬂ'[, fﬂ"()/\/ﬁ

U 08 S . ‘ . 3( i — TH
(ﬂ‘ ) _ ( m? Opr  SIN Oy ) ( 3 )3 with tan (20, ) = \/_(m = Mg) | (B1)

n — S1n Fi,m Ccos 6’”7‘, TR (?H»”_ + myg — 2’”11.5-)
The masses squared of the mesons are mi| = Bo(m, + my), mf{i = Bo(my, + my), mf KO = Bo(mg + my),
while mfr“ and *mff; are the eigenvalues of
M2 — Bo(my, + mg) Bo(my, —ma)/V3 Bo
'?T“,'” - \/(_ '. L ( )
Bo/(m, —mgq)/V3 Bo(m, +mgq+ 4mg)/3
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Mass spectrum benchmark

Meson masses

Pion splitting

0.8

100



Cubic interactions

. Bob
(BM1) _ 0 2 _0_0
ﬁnﬂﬂ _— \/gfwl']:‘rj\'[_l C{_}b(-_))gnjq-)?}ﬂ i

\/E(mu — 1mgq)

tan(260,,) = (My + my — 2my)’
02 Bzﬁ Am?
[ () —DMDM) = 0 L=z
(?} J 2_1ﬁf§ My (Tl‘f'lf_l )2 \/ ﬂl%

2
£ = cos” 30,

101



Details of Symmetry Breaking

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

M — () —

327

U(l)y qL.r — €'“qL. R

iag A <quR>
SU(Ng)r  qr = €727 qr — SU(Ny¢)v

SU(Nf)r  qr — e'r gp af =af

U(l)a  qr.r— €eTqLr
Anomalous! =l NfozFﬁ
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Resonances in QCD

m(*Be) ~2m(a) _ o m(*C)  m(*Be) — mia)
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(o) —2m(K") _ 0.094. m(Bg,) — mx(B*)a — m(K”)
Other examples: m(9) | m(B;1)
m(D"*) — m(D?) — m(7") B m(Y(4S)) — 2m(B°)
:-‘n(DD”) = 0.00%, m(Y(4S))

— 0.0011,

= 0.0019.
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Instantons

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

Total derivative

Instantons are (pure-gauge) field configurations which satisfies

fdélea, m/a — 3?7;2
|—> Integer (winding number)

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

Tunnelling among gauge configurations with different winding numbers

104



Instantons

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

Total derivative

+00
Theta vacuum ) = Z e™\n) .

n=—00 : s
|—> Vacuum with winding number n

2
8

. 4 .1 ~ 95 ~ (
(O+10-)s = Z /'Dﬂ o~ Jd'z §GCFib 52 [die GG-T-term g (?f — -3; 2 /HAI GG)
LT
2 .
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Feedback

Q: PORTAL TO SM (ok from backup)
Q: why kaons are not relevant (ok backup)

Q: how changing the value of theta change the self-scattering plot (too large
theta gives too much scatterings? Comment on this. Maybe underline that
a smaller value of theta (still > theta _min) is required and interestingly
could explain the small vR of similar size!

Obs: a bit confusing calling first all particles pions and then differentiate
among pions and eta (maybe find a better notation)

Obs: Refs to observations of dwarfs (some more refs in general!l) (how do
they measure DM velocities?)(change a bit SIDM slides?)

Obs: Underline theta is crucial (no resonant even in presence of a resonance

for theta = 0)

Giacomo Landini 106
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