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 Introduction. Dark matter; dark energy; ... dark radiation, dark

forces?

. Cosmic 21 cm physics by an amateur. Bigger picture. EDGES

thought-provoking results. [If correct]: weird dark matter or weird
CMB? [e.g. modified CMB Planck distribution.]

_ Weird DM: millicharged particles in the sub-100 MeV range. (new

constraints from neutrino experiments)

 Weird CMB: dark radiation > enhancement of Rayleigh-Jeans tail.

wpr K WCcMB 5 DR >nRry, WDRNDR K Ptot -

~ Conslusions
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A P Is there a similar chart

v i for number densities?
N Looks very different
Atoms \
In Energy chart they are

4%. In number density
chart ~ 5 x10-10 relative to y

We have no idea about DM number densities. (WIMPs ~ 108 cm;
axions ~ 10% cm. Dark Radiation — Who knows! Can be dominant

while being a subdominant component of p).

Number density chart for axionic universe:

Jarge number of quanta, B. be negligible in the

DR can be present in A.
ffect CMB and 21 cm due to coupling toy 3

energy balance, C.Cana
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New IR degrees of freedom = light (e.g.
sub-eV) beyond-Standard-Model states

Let us classify possible connections between Dark sector and SM
using standard particle physics tools.
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Light weakly coupled new physics

Let us classify possible connections between Dark sector and SM
H*H(LS?+AS) Higgs-singlet scalar interactions (scalar portal)
Bl “Kinetic mixing” with additional U(1)" group
(becomes a specific example of J 4, extension)

LHN neutrino Yukawa coupling, N — RH neutrino

J,iA4, requires gauge invariance and anomaly cancellation

It is very likely that the observed neutrino masses indicate that
Nature may have used the LHN portal...

Dim>4

JAg,alf axionic portal

.......... ]‘-+}=H+~l (k) (I)
Omcd OSI\I

ﬁl-l-lc-dint.ion — E ; An

kl.n 5
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Constraints on dark photon in broad mass range

01 -
1 [ —
i

Going to small mass range
(our group, An et al, 2013,
has derived correct stellar
energy loss constraints.)
Notice weakening of bounds
at small m -

“§m T‘. Lo o Going to smaller couplings: new primordial

Y - ‘ nucleosynthesis and CMB constraints from late

- o decays of dark photons, (our group, Fradette et al,
-~ 2014)

o) .+ Insome other basis, the on-shell dark photon
@@w:ﬁfﬁu : . ‘
o W coupling can be written to as g¢FF’butas ¢
m,2AA’ . At early times, (m, /T)
suppression, and at late time — possible
resonance (when plasma frequency isequal ¢

to dark photon mass. m =71
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CMB Planckian spectrum

0= 10° 102 107!
x = w/TcmB |
« FIRAS on COBE has measured the spectrum near its maximum
to 1 part in 10* accuracy. s = w/Tous

e The CMB anisotropy program by many experiments have
proceeded on solid footing.

. 21 cm physics wants to use small x part of this plot
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Radio Excess

radio surveys
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EDGES

Experiment to Detect the Global Epoch of Reionization Signature

Bowman et. al. Nature 555, 67 (2018)
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EDGES result; cosmic 21 cm

LETTER

An absorption profile centred at 78 megahertz in the
sky-averaged spectrum

| « This is as big a deal in cosmology as ir gets

Figure | Summary ol deleclion 4
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EDGES result: cosmic 21 cm
LETTER

An absorption profile centred at 78 megahertz in the
sky-averaged spectrum

Judd D. Bowrman', Alan E. £ Rogers’, Raul A, Monsatve!, Thamas 1. Mozdzen' & Nivedita Mahesh?

e This is as big a deal in cosmology as it gets

a
5
3
3
x

Figure 1 | Summary of detection. a, Measured spectrum for the reference
dataset after filtering for data quality and radio-frequency interference.
The spectrum is dominated by Galactic synchrotron emission.

b, c. Residuals after fitting and removing only the foreground

model (b) or the foreground and 21-cm models (¢). d. Recovered

model profile of the 21-cm absorption. with a signal-to-noise

ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and

width of 18.7 MHz. ¢, Sum of the 21-cm model (d) and its residuals (c).
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Events / GeV

Remember this?

2803;‘: T T T
22008~ Selocted dphaton tample
=
i £ . Daza 2011 and 2012
2000 Sig + B melusave it {m_ = 1265 GeV)

1200
:— ,s
1003? 0
m.ERcal 5% effect
soagg

400E

:?DDE- ATLAS Prelrmnary
E
= L 1

g

The Higgs discovery in
2gamma channel (small 5%
effect) is the result of a “bump
hunt” over smooth, not exactly
predicted background.

4 ordef polyromial
m.ThMJLm-iSb'

ts-aquLm-sam‘
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EDGES result: cosmic 21 cm

ER

___ ¢::303030/natun25792

An absorption profile centred at 78 megahertz in the
sky-averaged spectrum There is skepticism expressed

Judd D. Bowman', Alan E. E Rogers®, Raul A. Monsalvel, Thomas J. Mozdzen' & Nivedita Mahesh! .
in the literature about the

instrument itself, data analysis
and possible sources of
backgrounds. Collaboration
has not conceded any of that.
Recent data (Mosalve,
LaThuile talk) with new

antenna are consistent.

Figure 1 | Summary of detection. 2, Measured spectrum for the reference
dataset after filtering for data quality and radio-frequency interference.
The spectrum is dominated by Galactic synchrotron emission.

b, ¢, Residuals after fitting and removing only the foreground

model (b) or the foreground and 21-cm models (c). d. Recovered

model profile of the 21-cm absorption. with a signal-to-noise

ratio of 37, amplitude of 0.53 K. centre frequency of 78.1 MHz and

width of 18.7 MHz. e, Sum of the 21-¢m model (d) and its residuals (c).

e This is as big a deal in cosmology as it gets
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Radio Excess

radio surveys
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Other Global 21cm Experiments

SARAS2: 87.5-175 MHz LEDA: 30-85 MHz

T a3 &8 Owens Valley, California

PRIZM: 50-130 MHz

Marion‘ Isllénd. South Africa

newag 2
m— S

kb A . ’ & 1 s —

e

~— e -
Gauribidanur Obs,\ India :’//
1710.01101

HYPERION: 30-120 MHz

Owens Valley, California

Guadalupe lsiand. Mexico

1311.0014

1501.01633 1611.06062
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Interpretation of observation

(Figures from Furlanetto et al, 2006, Phys. Rep.)

150 Laaa - -
2 5 10 15 2 =5
]

4T, (mK)

2 Less naive: first stars produce

e Lyman & p}-lotons that recouple spin
and baryonic temperatures. Later —

gas is heated and absorption

switches to emission.

Naive picture

int is that T, cannot drop below baryonic Ty !

The most important po
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EDGES result: too strong?

e The brightness of absorption/emission line:
[0.15][1—}-z] ”-l‘[ Quh ][1_ Tr(z)
2, )L 10

0.02 Ts(z)
 Notice that these are all measured cosmological parameters, €Xcept
the spin temperature, but it cannot drop below baryonic temperature!

T51(z) ~0.023 K X xp(2)

EDGES (and everyone else) expected their result to be between -0.3
and 0 K. They got -0.6 K.

« The result is obviously important = first claimed detection of cosmic
oht about the strength of the coupling it

21 cm. Moreover, if they are rig
is nothing but revolutionary, as “normal” ACDM cannot provide it.
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Millicharge explanations are very
constrained

CMB and BBN constrains
Direct experimental constraints
Energy injection constraints
Direct detection constraints (?)

Astrophysics constraints

Kovetz et al, 2018
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Speculations aimed to explain EDGES

“DM does it to me”? But it cannot be “normal” WIMP or axion with the
interactions that are too weak.

» Approach 1: Cool the baryonic kinetic temperature even more. (90%
of attempts, Barkana; Munoz, Loeb et al; ...) . Typically need DM-
atom cross section to be enhanced as o~ o v*4, which is Coulomb-
like dependence. Implication: a significant fraction of DM has a
millicharge. Not clear if these models survive all the constraints. (See
also earlier paper Tashiro, Kadota, Silk, 2014)

Approach 2: Make more photons that can mediate F=0, F=1
transitions prior to z=20. (That would raise “effective” Ty at the IR
(or we call it RJ) tail). I.e. need a specific IR distortion of the CMB.
Almost impossible to arrange due to DM decay straight into photons.
Fraser et al, 2018; Pospelov et al, 2018
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Millicharge explanations are very
constrained

J

CMB and BBN constrains
Direct experimental constraints
Energy injection constraints
Direct detection constraints (?)

Astrophysics constraints

Kovetz et al, 2018
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Direct experimental constraints on
millicharged particles

e Magill, Plestid, MP, Tsai, 2018. Best constraints in the 10 MeV range
come from the LSND experiments (nu-e scattering)

[ Colliders ijth:: 1

s

LSND
MiniBooNE
MiniBooNE" |
SHiP
== MicroBooNE
-- SBND 1
DAINE

1000
Mace(MeV)

» Further progress can be achieved through dedicated milliQan type
experiments.
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Neutrino and beam dump experiments can be

recast as constraints on millicharge

, PRL 2017
Target Decay Pipe Beam Dump MiniBooNE Detector

D —
Be[ Ay

50 m

NCE,
—+— Data (stat errors)
«  Total Bhg (sya errora)
Beam unrel. bkg
=

na
@
S

= '

B
o
&
§
i
& 200

ffevents  uncertainty
BUB 697
Vet DKG 775
107
Total Bkg 1579  14.3% (pred. sys.)

Data 1465 2.6% (stat)

Relic Density

m,=3m, a'=08
m— MiniBooNE 90% CL
rereens MiniBooNE 90% Sensitivity

Subject to future improvement with much closer new detector at SNB‘;‘”
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New proposal at Fermilab

PROPOSAL FOR EXPERIMENTAL RESEARCH
DOE/SC ProoraM QrFFICE: High Energy Physics (HEP)
DOE/SC ProcRAM OFFICE TECHNICAL CONTACT: Dr. Kathleen Turner
FUNDING OPPORTUNITY FOA Numier: DE-FOA-0002112

AMINISTRATIVE POINT 0F CoNTACT: Hema Ramamoeorthi, 630-840-6723, hematifnal.gov

PAMS Lol #: LOI-00000266G81

Track #1, PRD #1

APPLICANT/INSTITUTION: FERMI NATIONAL ACCELERATOR LABORATORY
PO Box 600

Baravia, IL 80510-5011

FerMINI: Fermilab Search for Minicharged Particles

Principal Investigators:
A. Haas (NYU), C.S, HiLL (OSU), J.F, HinscHAUER* (FNAL)

D.W. MiLLER (Chicago), D. STUuART (UCSB),
Y.-D. Tsarl (FNAL)

We propose to install a new
MilliQan-style detector in the
MINOS cavern at Fermilab.

Would signficantly increase the
reach, but unlikely to close EDGES

r.o.1.
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Modified model with extra cooling

H. Liu et al, 2019 arXiv:1908.06986v 1

BARYONS e @el Millicharged-DM |g..,

o AVAVAVAVA PN YVY
* aloms: Iy |

*  jons: . i i

Main challenges in the previous mQ proposal — very few particles —
hard to “store” heat. New proposal — extract heat with mQ and pass it to

other DM particles that have strong rescattering rate on mQ.

| — o eee PPN
EDGES 99% C.L
me= 10 MeV

Far less constrained scenario:
smaller concentrations and larger
w1 masses of mQ particles are
w1 allowed.

MilliQan

SHIP

LDMX
T

! TP |
100
m,, |[MeV]
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How much quanta does RJ tail has?

1 / Smia w2dw Tw? .
nRy = — ~
RI™ n2 0 explw/T] — 1 272

~0.21z2, . novmp, h=c=k=1 units

* Take x_, ~ 2 10-3. The total number of such quanta is relatively small
relative to nqyg = 0.24 T3,

-6
n-RJ/nCMB ""‘10 .

What if there existed early DR that we could take to saturate as much
as N ¢ = 0.5 or alternatively, there is late decay of DM to DR, and we
take up to 5% of DM to convert?

npr < 1.5 x 102 ncMB, C«'tl‘l}’ DR with -"—\Nu{f = 0.5

npr < 3.3 x 10° ncump, late decay of 0.05 ppy -

It is easy to see that one could have 10! more “dark” quanta in the RJ
tail without running into problems of too much energy stored in DR.
Can we make them interacting DR quanta?
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Our proposal

» Step 1: Early (z > 20) decays (either of DM or of another DR species)
create a nonthermal population of DR dark photons A’. Typical
multiplicities are larger than ng;.

Step 2: Dark photons can oscillate to normal photons. At some
redshift z ., a resonant conversion of A’-> A occurs. This happens
when plasma frequency becomes equal to m,. .

Step 3: Enhanced number of RJ quanta are available in the z = 15-20
window, making a deeper than expected absorption signal.

Acmp

5 dn 4 dna dn 4
—

V 4 Py
Ao Y X FasaA+ B X Farsa

Walem

A CMB

I ! e i . , P =
a—+ A4 A WpR € WCMB s MDR > NMRJ ,  WPRMDR K Prot -
|

ZI‘EC zI‘BS
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Dark Radiation?

"Dark radiation” existed in the form of neutrinos. At the time of the
matter-radiation equality, about 40% of radiation energy density was
encapsulated by neutrinos, and is fully captured by both BBN and
CMB.

New radiation like degrees of freedom (ppg = 1/3 ppg) are limited by
N.ir- SM predicts 3.04. Current limit is 3.04 +/- 0.3. Strong constraint

on fully thermalized species.

New DR? If not interacting with the SM — only through N . However,
if there is interaction, we have additional ways of probing DR.

I am going to explore wpr € wemB, MDR > MRy s WDRNDR <K Prot -

Before Planck, DR has been invoked as a remedy for A N ¢ >0; It’s
been speculated that 10% of DM->DR decay is responsible for H,,
tension (Berezhiani et al, 2015).

Page 29/38



Pirsa: 19090022 Page 30/38



Pirsa: 19090022 Page 31/38



Pirsa: 19090022 Page 32/38



Pirsa: 19090022 Page 33/38



Pirsa: 19090022 Page 34/38



Pirsa: 19090022 Page 35/38



Pirsa: 19090022 Page 36/38



Pirsa: 19090022 Page 37/38



Pirsa: 19090022 Page 38/38



