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Dark matter mass origin

Dark Matter needs to be cold = massive
Was it always cold?
How it became cold, can we see these effects?

Any relation to other physics?
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Dark matter mass origin
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Dark matter mass origin
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Neutrino mass origin: Left-Right symmetry

Pati-Salam Trinfication

SU(4). ® SU(2)r, ® SU(2)r SU(3)°
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LRSM scalars
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LRSM: Three Majorana neutrinos Ni s s

Dark Matter
candidate(s)?

Typical scales

Neutral N, , A

Potentially stable

Super-weak

mNSJmW

ma < Mw,
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My,

(3 for anomalies)

(NO ad-hoc symmetries)

N — 3v,
N — vy

A%WRWR
A=y

> 5 TeV Nesti, MN, Popara 18

ATLAS, CMS

> few PeV MN, Zhang 24
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OVGI’ Production Bezrukov, Hettmansperger, Lindner ‘09
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’Diluted’ relic

relativistic freeze-out gives
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Over PrOd UCtiOn Bezrukov, Hettmansperger, Lindner ‘09
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Scherrer, Turner ‘85 solve with entropy dilution, cool down DM

JMSM | MN, Senjanovic¢, Zhang 12,
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DM dilutor repopulation

A

— dllutor MN, Zhang 23

X = repopulated DM



DM dilutor repopulation ‘ — dilutor MN, Zhang ‘23

X and Y freeze-out (relativistically) Yx = 4225((2 ) X = repOpulated DM

causes intermediate matter domination in H sn X +m

n,m ez’

dilutes only if it decays into the SVl plasma

4 )
ImMmax

m 1 GeV 1 sec Br :?
Qx =~ 0.26 (1 + nBry) (11«::\/) ( . ) = & — X )

Not harmless to decay to X, cannot dilute away not necessarily reducible



DM dilutor repopulation

Boltzmann
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(Sudden decay approx. can do better)
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‘ X =DM
X = repopulated DM

robustness of the phase space distribution, fixed DM mass  mx = 10keV

DM dilutor repopulation

LRSM X =N;, Y =Ny A MN, Zhang 23

Single DM, 3 body ‘ ‘ | ‘ Heavy dilutor
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0.1 primordial —
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N2 — Nl ff/ />-<\ _
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A — N1N1 ‘ Rl ]
0.1 10 1000 100
X:Ex/TX '
Secondary is hot, how heavy Y, 2 body =

much can P(k) take? light Y, 3 body = least energetic most energetic



Hot DM repopulation ‘ vs. linear P(k)
when is X hot? Tag ~ 1€V (n+m) g (Tru)*/ 12

growth suppressed at scales below H(Tygr/Brx)

itati 1GeVY /1
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Hot DM repopulation bound ‘ MN, Zhang 23
max o
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Remarkably robust, 2 and 3 body, across orders of magnitudes




LRSM implications

Avoid X repopulation
a) flavor
b) only Dirac
c) LR gauge mixing

d) scalar dilution
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b) Dirac no-go below My, also above
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LRSM pure Dirac no-go type | seesaw O 2 |/
| |||||||‘ | ||m||‘ T TTI T T TTT T T[T TTTT] MN, Zhang ‘24
1070 —
— — suppressed
repopulation
1078 — —
s N
10 GeV
B N MWR Z /—e
9N21/
10710 my,=0.5keV ~ — > Pev
_ y
@!| BBN exclusion
12
10 U = £py
10-14L |||||||‘ T O I I N | I N AT
0.1 1 10 100 1000 10
MN2 (GeV)

Type |l seesaw can generate neutrino mass and allow for small mixing ‘
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LRSM solutions: LR mixing . / MN, Zhang ‘24

M 2 Wgr*
Gauge boson mixing ELR =~ sap €™ ( = ) %
My,

2 2 2
g°lér" MmN, (M,
Ty o = 1—
Fast 2 body channel I'n,—¢ e (M ) ( >

800

Seesaw Type || 600

dominance

LSS

BBN ¢k

200 (M wr < 100 PeV)
careful with —
X- rays no phase space for W decay : large Yuk. _
0 : careful with
0 0.2 04 0.6 0.8 1.0 Yukawas

tanf



LRSM solutions: LR mixing MN, Zhang 24

| M 2
Gauge boson mixing ELR =~ Sap €' ( v )

+ contribution via Dirac mixing, here sub-dominant



LRSM solutions: LR mixing MN, Zhang ‘24

Phase space
bound

Tremaine, Gunn /9

+... DES 20

Correct relic

Planck 18

M Wi (GCV)
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. RSM solutions: scalar dilutor MN, Zhang 24

Liioo ALY MLy + LyiocoARYR'Li |:> My = 7 YAy
triplet A can mix with the SM Higgs h: 0 # 0

Triplet is
“Majorana” Higgs

Many diluting
and some
repopulating
channel
. ~ GpMg,my, Ma -  5GEMS, MY
A— N1 N, 4\/§7TM5VR y A—)WRWR 576\/§7T3M$VR
. - 490*GrME M3 02, GrM3
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large hierarchy between N;, A and My, vacuum stability e.g. Weinberg '76

A can be dark matter Dev. Heeck 25’

no mixing (le < ma K MWR) with tiny mixing

Overproduction

= )

my,=6.5keV, My, /My=10" |

my, 26.5k€V, MWR/MA: 104
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Blast-frozen Dark matter

(kMpc) L2AP, (k) [(Mpc/h) 3]

when does DM become massive?
mx = mo + Yo
m?X = mg -+ )@2

massive DM needed by CMB and LSS

' : ¥
104g 1—%_]—4
E 'j:-i;ﬂ—‘
103 / 3 :
[ \f\.} W~ —
102} ; 3
E ++  Planck 2018 TT
Planck 2018 EE
. ~  Planck 2018 ¢¢
10 DES Y1 cosmic shear
{ SDSS DR7 LRG
{  eBOSS DR14 Ly-a forest
100 1 1 1 1
50 - } b
. 3 - [t ek
0b-- e — =m0 }IJ; ER - w ~~ O
i
_50 i

104 1073 107 101 10°
Wavenumber k [h/Mpc|

% V(gb) MN, Zhang 25

bV ¢

First order phase transition I
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BFDM equation of state w %H:(é

Nucleation possible below T.

I
Nucleation rate V=3 = Ae B

Volume fraction expansion Guth, Weinberg ‘83

F(t) = exp (— /tt dtyy(t1)a(t1)?V (ty, t))

1 1
w(t) >~ §]:(t) ~ 5 exp {—eﬁ(t_t*)@(t — tc)}

Enqgvist et al. ‘92, Caprini et al. 19

MN, Zhang 25
S3 dB
B~ — ~ —
T & dt
A~TH
o =
mx # 0 O
w ~ 0 V x a®

Double exponential transition, correlated with GW production

L <t
w(t) =< 3’ ’ w(t_) =w(ty) =0
(1) {O, ot (t-) = it)

B/H, — 00 = t+ =t

F(ty) =1/e

w(t, ) — w(t)


https://inspirehep.net/literature/1778366
https://inspirehep.net/literature/2893813
https://inspirehep.net/literature/2796572
https://inspirehep.net/literature/3131303

BFDM perturbations o %{é MN, Zhang 25

Keep the general w (numerics) Ma, Bertschinger ‘95

5 — —(1+w) (0 — 3¢’)—3—C”'<5—p—w>5

a \o0p
/ / 5p/5p
0 =2 (1—3w)f— —0+ LLPp25 4 g2
a ( w) 14+ w + 1+ w TR
. Sinw — x cosx kT B op w'
Radiation ¢ (k,7) = 2R (k) 3 L= /3 ¢ =1 5p w= 3(1+w)d/a
Set the asymptotic w (analytics) §(k,7) = R(k)G=(z) 5(k,0) = —2¢(k,0),6'(k,0) =0
adiapatic
1 (1 —z?)sinz — xcosw N .
w= 3 G_(x) =4cosz + 8 . osclllations + damping
2\ sin g —
w =0 Gi(z) =(c1 +calnz 4 6Ci(z) + pll —w)sinT = 7 cos log growth + damped osc.

3

fix by matching Ballistic DM Das, Dasgupta, Khatri 18



Perturbations dgrpm
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instantaneous matching

% MN, Zhang 25

(1+w(r))o(r usual log growth

4
_;1; COS T log )/a:; Te > 1
33*

sub-horizon
oscillations from
— ACDM boundary with m=0,
. (\ | enhanced large k
B/H.=10, 7,=0.17¢ o \
B ‘ Oscillates
ﬁ/I_*ZIOO, T*:O-lTeq a ‘ above LCDM
— B/H,.— o0 (analytic)
Specific small
scale features
ﬁ 1 DM structure
L | | o formation
5 10 50 100 measures

klkeq

FOPT duration

76108 x, = (2n + 1)%



Fractional BFDM f&r ;}% VN, Zhang 25

feropr + (1 — fBr)dcpMm ’

P(k) = Prcom(k) OACDM

Totality of BFDM possible if early enough: for =1 7. < 7.,/100

10 ‘ ° SDSSLRG
C * Lyman-«
1000 - :
- R \Q A\
mz 100_ BF=1, T.,=VU.1Teq \
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S 100 — foe] o )\
S 10§ far=1, 7.=0.017eq V “ﬁ”" |
o =00, =001 HT

— ACDM l
|

005 010 050 1 ' 5
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Nucleation T, % MN, Zhang 25

Total BFDM allowed
above 100 keV

T. (V)

]193 06 .4 19.1 946 1.75 0.8
0.100:
1% BFDM -
currently allowed |
atany T i

o
& 0.010;
0.001 -
Fut
(=100
10—4 . T . | L — at 104
0005 0010 0.050 0.100 0.500 1

s T /Te ~ Teq
Fast transition *teq ANeg = 0.14 fpr — ‘

*



Summary

1 Dark Matter can be diluted Majorana neutrino /'

The price: high scale of LR breaking

Observables cosmological, LSS imprints, X-rays
2 Dark Matter can be tied to a dark sector FOPT ;}%

Brings together GW creation and DM mass origin

Oscillating imprints growing at small scales
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