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Introduction
®0

Motivation
The 50 Hubble tension:
e CMB (high z):  Hp = (67.4 £ 0.5) km/s/Mpc
[Planck Coll., AA 641 (2020) A6]
® Cepheids/SNe la: Hy = (73.04 £ 1.04) km/s/Mpc
[A.G. Riess et al., AJL 934 (2022) 1 L7]
H is related to the total radiation density parameter (2; := p;/pc):
H?>  Qp 0. . &
Hig =3 + 80 + 7

Total radiation density below e™e
Py, NERT =~ 3.0440 + ANg

4
7/4\3
1+=(—=) N
8 (11) of
[Y.Y.Y. Wong et al., JCAP 04 (2021) 073]

Proposed solutions (e.g. BSM in equilibrium with neutrinos):

annihilation temperature:

Pr =

° Majoron [E. Fernandez-Martinez et al., EPJC 81 (2021) 954; Escudero, Witte, EPJC 81 (2021) 515]
!
o 7' — v [J. Gehrlein, M. Pierre, JHEP 02 (2020) 068; M. Escudero et al., JHEP 03 (2019) 071]

® .. [E. Di Valentino et al., Class. Quant. Grav. 38 (2021) 153001; N. Schéneberg et al., PR 984 (2022) 1]
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Cosmological constraints
Big Bang Nucleosynthesis (BBN):
Nog = 2.8840.27 (68% C.L.) ~ N5

[R.H. Cyburt et al., Rev. Mod. Phys. 88 (2016) 015004]

CMB power spectrum:

Neg = 2.99%33% (95% C.L., TT,TE,EE+lowE+lensing+BAO)

[Planck Coll., AA 641 (2020) A6]

Earlier local measurements (R18, R19) and sound horizon problem:
[A.G. Riess et al., AJ 855 (2018) 136; AJ 876 (2019) 85]

0.5 (CMB+BAO+R18)
0.4 (CMB+BAO+Pantheon+R19+BBN)

0.2
0.2

ANeff
ANeg

[O. Seto, Y. Toda, PRD 103 (2021) 123501; 104 (2021) 063019; S. Vagnozzi, PRD 102 (2020) 023518]

~ i~
~ i~

or somewhat larger (with new SHOES data).
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Millicharged DM with a Stueckelberg dark photon

K. Cheung, T.C. Yuan, JHEP 03 (2007) 120; D. Feldman, Z. Liu, P. Nath, Phys. Rev. D 75 (2007) 115001

Dark sector:

® Dirac fermion D, dark photon C,, scalar S, pseudoscalar ¢

Lagrangian (Ma, ys, — O for simplicity):

Lo - fcu,,cw +iDy"9,D — mpDD — f( O B) — f(a SO"S)

+ gx QXny“DC# + y¢D75D¢ + ySDDS

o

1
- ECWBW — 2(0u0 + My C, + My B,,)?

2

Scalar potential (mg = 0 — thermal bath; ks, kys ~ miy/Mpy):

1 A
VD 5m§52 - %553 + 298425 4 5 %4 Ags ¢*S?
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Entropy/energy density and their time dependence

R. Foot, S. Vagnozzi, Phys. Rev. D 91 (2015) 023512; A. Aboubrahim et al., Phys. Rev. D 103 (2021) 075014

Entropy density and its conservation (s := S/a®):

2 2
s= % (Rl T3 + 2 T®) , ds/de + 3Hs = 0

Energy density and its time evolution:

2
L T S dpn .
P = N (gcffTh + 8epr T ) C Ta + 3H(pp + pn) = Jjn

Replace t as independent variable by Tj.

Friedman equation:

B 8mGy

H? (v(T) + p(Th))

Replace p by ¢ := %(1 + p/p) (1 for radiation, % for matter).

Visible-hidden sector heat exchange:

h=> [2Yieq(T)2J(i T — DD)(T) + YPU T2 (i T — 7')(T)] =Y = ) (Th)s

i

5/15



Introduction Dark Sector Numerical results Conclusion
000000 00000

Visible and hidden degrees of freedom
M. Hindmarsh, O. Philipsen, Phys. Rev. D 71 (2005) 087302; M. Drees, F. Hajkarim, E. Rossi Schmitz, JCAP 06 (2015) 025
Visible energy/entropy d.o.f.:
® Use parameterized ( T-dependent) results from LQCD EoS
Hidden energy/entropy d.o.f.:

7
§g£f+g¢+g57 hgff:hzﬁ+8he +h¢+h5

with g4 = gs = hy = hs =1 (almost always out of equilibrium).

h ’
Befft — ggff +

Dark photons/dark matter ( Tp-dependent, reach equilibrium):

’/ _X, 2 Q/ _X/
o d h’Y
/ o et 47r4/

geff
D VXD g heff:15/ VX 7% _XD 2)dx.
XD

Eeft = 7r4 w e+l ex+1 D

4x? —-x )dx,

with x; = m;/ Ty,. For x; — 0, ggf} = hsz —3and gff = hl — 4
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Set of five coupled (stiff) ODEs

A. Aboubrahim, MK, P. Nath, JCAP 04 (2022) 042
Visible/hidden temperature ratio (n:= T/Ty > 1):

dn n

dTy Th

¢ov + pn(¢ — Cn) +jh/(4H)} dpy/dT},
Chpn — Jjn/(4H) Th(dpy/dT)

Boltzmann equations (Y := n/s, initially 0):

dy, s dpp/dTh [1 ) ) Yy Y.
o - _2 ( 0V by gy (Tw) | Y5 = YEUTHW —egmg=— | + -
dTy 4Cpp —n/H ) |2 Yo (Th)Y [/ (Th)
dYs s dpp/dTh [1 5 » YsY.
— = — < (V) ppysy (T | Yo = YEUTH? —sgmsg— | + -
dTy T H \4Cpp —n/H) |2 Ys (T Y/ (Th)
dy_ . s dpp/dTy [ Y3
Y bl — (ov 5(T) [ Y2 = YoUT)?—2— ) + ...
dT, H <4 on —in/H I (o >'y,'y/~)DD( h) ~! ! (Th) qu(Th)z
dp s ¢ dpy/dTy [ a2
RLl ( ) o op(MYEHTY + ...
dTy 4Cpp —jn/H7 |

D, S chemically decouple from 4/, but remain in thermal bath (T,).

Later, D and S decouple also kinetically from ¢.
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Kinetic decoupling

P. Gondolo, J. Hisano, K. Kadota, Phys. Rev. D 86 (2012) 083523

Second moment of Boltzmann equation [Tp s < mp,s, O(p?/mp, s)]:
(0: +5H)Tp,s = 2mp sv(Ty)(Ty — Tp,s)

with

1 d3p
Tps = 2f(p).
D.S 3mD’SnD’S/(2W)3P (p)

Momentum transfer rate:

0
1T = sgam o | EFOQFAE [ CoMPa

(Instantaneous) decoupling temperature:

1Ty) = H(Ty)

T¢ =Tka

8/15



Introduction Dark Sector Numerical results Conclusion
[e]e] 00000e 00000 o]

Reheating of the dark sector prior to recombination

A. Aboubrahim, MK, P. Nath, JCAP 04 (2022) 042

Dark scalar decay (S — ¢¢):

2
K
s=.-2
s 32mms
Boltzmann equations:
dps dpp
3Hps = —T , 3H =0,
pm + 3Mps sps dar +3Mpp
4Hpy = T 4Hp., =
dt+ P sps dt+ py =0

¢ is the only remaining relativistic d.o.f.:

8 11\ "3 py(T.
ANBH—7<4> Po(T5)
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Dark photon mass and kinetic mixing angle

A. Aboubrahim, MK, P. Nath, JCAP 04 (2022) 042

Fixed target/collider experiments + SN1987A + BBN:

/
i
I
I
'
I
i
I
I

/
1]
I
\

Kinetic mixing, §

BBN ——

—_
o
[

L2T8 mp = 0.3 GeV, 91‘%

10718 + T T
1072 1071 10°

Dark photon mass, m. [GeV]

Resonance at m.,, = 2mp requires larger mixing angle for correct Qh?.
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Further constraints and benchmark points

A. Aboubrahim, MK, P. Nath, JCAP 04 (2022) 042

Cosmology:
BBN -2
o ANBBN <10
® Tia < Tea
® No free-streaming (+ phase shift in CMB and BAO peaks):
9x\2
_ ¢ : _
H(Ts) < no(To)ov)so—os = gpy To With x=ng/n
— Ay > 10772
Y soh?
° Qh? = T2~ 0.1-0.125
Benchmark points:

Model mp  m_, ms 5 vs Kgs [GeV] Nos ANGMB
(a) 0.1 00 1002 46x10° 1 30x10° 1.9x10® 1.0x10 0.43
(b) 0.3 02 1072 16x107° 1.0x1073 60x10"*¥ 50x10°° 0.55
() 0.6 05 1072 6.0x107% 30x1073 33x107Y 50x10°7 0.36
(d) 1.0 03 1072 17x107° 50x10°3 85x10"* 1.0x10°° 0.54

All masses are in GeV. Fixed parameters: gx = 0.0125, ks = 10718 GeV.
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Evolution of T vs. T, DS build-up, chem./kin. decoupling

A. Aboubrahim, MK, P. Nath, JCAP 04 (2022) 042

Benchmark (b)

Qh% =0.12

0-s 10 0 02 10 10 w L Tt T TR Tt

Hidden sector temperature, T}, [GeV] Hidden sector temperature, T}, [GeV]

1o~ | Benchmark (b)

W we we w0 W w W W -
Visible sector temperature, T' [GeV] Visible sector temperature, T [GeV]

- W

Lyman-« limit for late kinetic decoupling: Tyq > 100 eV. 12/15
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p and AN.gs from BBN to recombination

A. Aboubrahim, MK, P. Nath, JCAP 04 (2022) 042

Benchmark (b) Benchmark (c)
—
o T =0)
— 5 (0 #0)
N
0 = .
e 10 1w 100 10 10 W i i W
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0 " W
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Note: pg increases towards p,, as S decays away. 13/15



Introduction Dark Sector Numerical results Conclusion
oo 000000 0000 o

Viable parameter space for AN.g

A. Aboubrahim, MK, P. Nath, JCAP 04 (2022) 042

1071
mp = 0.3 GeV
mg =102 GeV
Benchmark (b)
Late kinetic decoupling of S
(Qn*)p < 0.1
1072 TS < 1keV
e
> | T SN
w B T
1073 S s (T
|
—
S
2
=
?é Early kinetic decoupling of D
Lot = TR >TP
T T T T
106 1072 10~* 1073
Ags
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Conclusion
°

Conclusion

Hubble tension between CMB and SNe la now 50
Proposed solutions: Dark radiation, dark energy, inflation, ...

Our model: Visible sector + dark sector (initially empty)
Build-up of fermionic dark matter via dark photons

DM generates light scalars and pseudoscalars (heat bath)
DM freeze-out generates Qh?

Late decay of scalars generates AN,z at CMB

No contribution at BBN time

Requires solution of five coupled stiff ODEs

Respects cosmological and dark photon constraints
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