Dark Matter Search in the CMB

SR S2021,
2021/8/17

==F Yu Gao

IHEP, CAS

., s 3 | 'y’

'Y . / > y b F e ’ ) »
\'.- ) . ' | y X
. "1 ‘ L S | v L\g g O Q v ¥ & [ B4 BN J \
» ,,)”
e
. L ~3 P

Institute of High Energy Physics Chinese Academy of Sciences



QOutline

Particle Dark Matter Effects on the CMB
DM < CMB anisotropies ( lonization )
DM < 21cm (Temperature)

Forecasts for DM and PBHSs

Inhomogeneity from DM heating



Theory orders are placed.
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CMB & Dark Matter

Needs future 21cm
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DM probes from the CMB

« CMB spectral distortion:
‘coupled’ DM, early/steady energy injection,
DM-photon conversion, etc

 CMB polarization:
pol. rotation in CPV medium

 CMB derivatives:
21cm maps of matter power-spectrum:
spatial & temperature distributions



Impact from steady (high-energy) injection

* Deposit energy into IGM during the dark age of Universe
* (1) lonize (fraction of) the IGM; (2) Heats the IGM

* Asmall energy budget for a large impact

On decay lifetime:

Continuum Indirect T>10% s (lines: t> 1028 s)
Search (Fermi-LAT, etc):

IGM 1onization

24
ore-EoR (PLANCK) T>10%s
IGM heating _
pre-EoR (21cm,projected) T>10%s (existence)

Higher precision by data



The ‘standard’ionization history

Standard ionization evolution (pre-EoR)

d;e = {(1 — X.)B - anbam}

lonization rate (by radiation field):

B = (ov) (meT)B/Qe“GO/T
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DM Effect 1: 1onization

.More free electrons

.More CMB scattering — Damping on C,

dx. dx. 1
dz B ( dz )Uri}.?,_ (1‘|—:)H(:)(IJ\I(H)+I'X(I(W))

“‘Deposit Channels”

. dE/dVdt lonization from

Ixi(z) = .ff(ﬁ-«:},”H(:)E_ ground state
dXe {(1 _ X )ﬁ—X2n a(z)} Ixa(z) = fulB.2)(1 - (,}JE;}H}H ionization from
dt i et rats T “nyp(z)E, excited states

SM: H atom ionization

and recombination
(+ other channels)
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DM: impact on Xe

Annihilation: raises the x floor, Decay: steady rise in x,

! - - dec, Ty = 10%s m =1GeV

: — dec, T, = 10%s X

[ - - ann,< ov >= 3 x 107%cm? /s, w Halo

10°F — ann,< ov >= 3 x 107%cm?/s,w/o Halo
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The perturbed’ ionization history

lonization enhances photon scattering

C, = 4 A [ " d(in k) k™ D2 (k)T2 (k)

in the damping function:
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Redshift dependence In injection rate

Annihilation and/or Decay of WIMPSs

Energy release during dark ages

DM Annihilation: fast during high z,

dFE
dV dt

— ;{)E{-:ZQ%I\{(:L -+ Z)ﬁpann(z:] ~ (Z+1)6

Late time density clustering boosts the annihilation rate after z~O(50)

dE anmn, boosted dE ann
(dth) INJ = 1+ BE) (dth) INJ
Acpe [ d
B(z) = = / M By(M)~——=dM
PDM J Moin dM

DM Decay: a steady rate, unaffected by structure formation

dFE

3
— =TIpm - peoflom(l +2)°  ~ (z+1)
dVdt
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Lagged energy deposition

Injected high-energy particles lose energy by scattering,

lonization, excitations, etc...

Not instantaneously deposited into the IGM

if particles are energetic (E >>KeV):
* accumulative over earlier injection

* efficiency reduces at later time _ _
Numerical calculation
Energy “fraction” into ionization (of H)
EEmmY. 0 Implemented into
1% ) ! % b HyRec codes:

E E \ new physics induced
iflg B A excitation, scattering terms,
g g | Lyman-a photons, etc.

10'H =

10"
Also see:

Belotsky, Kirillov 2015 12

Energy [eV] Energy [eV]

Liu, Slatyer, Zavala, 2016



Xe on CMB C,;: damping & pol. peak shift
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PLANCK18
TT only
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Astrophysical

PLANCK 18: Pol. data lifts EOR degeneracy

Primordial spectrum

Full ion.
by EoR.

0.025 0.050 0.075 0100 0.125

0.952 0.960 0.968 0.976 0.984
n,

3.00 304 308 312 3.16
In(10'7A4,)

Pol. data
sensitive

to higher
Z

0.03 0.04 0.05 0.06 0.07 0.08
T

0.948 0.954 0.960 0966 0972

n,

3.000 3.025 3.050 3.075 3.100
In(10" A,)

14



1022 3

Y my Pann [cm3s7Y]

eff

f

(ov)

10—27 ]

Current limits: WIMP annihilation

Planck Collaboration: Cosmological parameters
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Fig.46. Planck 2018 constraints on DM mass and annihilation cross-section. Solid straight lines show joint CMB constraints on
several annihilation channels (plotted using different colours), based on pu,, < 3.2 X 10728 cm3 s~ GeV~'. We also show the 2 o
preferred region suggested by the AMS proton excess (dashed ellipse) and the Fermi Galactic centre excess according to four
possible models with references given in the text (solid ellipses), all of them computed under the assumption of annihilation into bb
(for other channels the ellipses would move almost tangentially to the CMB bounds). We additionally show the 2 o preferred region
suggested by the AMS/PAMELA positron fraction and Fermi/H.E.S.S. electron and positron fluxes for the leptophilic g u~ channel
(dotted contours). Assuming a standard WIMP-decoupling scenario, the correct value of the relic DM abundance is obtained for a
“thermal cross-section” given as a function of the mass by the black dashed line.

PLANCK 18:

"Cosmological parameters’ 15
Thermal WIMP mass limit: 10~30 GeV



Near future: How about more pol. data

N4
Pole

=8

S2ug opy (kD | Opwimy () NI TSI =y oI RAE
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+ BICEP3 data available
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Forecast on Thermal WIMP mass (ee channel) ..osicer:
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Forecast on WIMP lifetime (decay to photons)

—
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Stat.-only estimates on up-coming observations (no FG)

Experiment x—ee [x— 7y
Planck 24 85
AdvACTPol 0.68 4.7
Al'C%thP];E ) ?é 72 Lower bounds on
ICP T Planc 0 DM decay lifetime
CLASS 5.5 30 :
Simons Array 0.35 1.5 (null-signal)
Simons Observatory 0.92 4.2
SPT-3G 2.2 9.9

TABLE II. 95% C.L. upper limit on I'y (in 1072¢ s7%) at

my, = 10 GeV.
Experiment YX = ete” [xx = vy
Planck 39 32
Planck - Unclustered 39 33
AdvACTPol 330 330
ALICPT 39 99 Lower bounds on
ALCPT+ Planck 51 42 ‘vanilla’ thermal DM
CLASS 49 37 mass (null-signal)
Simons Array 1.1 x 10*> [1.0 x 10°
Simons Observatory 310 290
SPT-3G 140 130

TABLE III. Expected 95% C.L. lower limit on my (in GeV)

assuming a thermal relic’s annihilation cross-section (ov)

8% 10" cmi® fs.
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Evaporating PBHs, (low-mass)

PBH’s Hawking radiation o0 _ Monochromafic —
has a dE/dt~(1+2z)% history o'} Tt
L o 107 o
Significant sensitivity o3l :
: _ o - = Planck, MCMC]
In relevant mass range: Z10* T Planck, Eq40 | 1
— 1014-17 X o7 zEEIET - -COrE ]
MBH— 10 g 10 : - -r::_-;f.‘;f.:' - - -Simons Array
6 e _zETe=T - -S4 .
PLANCKZ15 constraint: mJ PR - -PICO :
S.Clark., B.Duitta., Y.Gao, Y-Z.Ma, 10°F z2222" - -LiteBIRD | 3
L.E. Strigari, 1612.07738 10 52 — T
10" 10 10
PLANCK18 limits & forecasts: Log-normal (o = 0.7)
Extended BH mass distributions, see: 10" '

J.Cang., Y.Gao., Y-Z. Ma., 2011.12244

Experiment | Scaling Factor
Planck 1 _
COrE 37 é
CMB-54 113
PICO 53
LiteBIRD 7
Simons Array 80




W(M, 1)

Spinning & lower mass (evaporating) PBHSs

Mpgy = 1013 -10% g

x101°

| |——t=0, z=00
10} [—1t = 3.7 x 10%r, z = 1100 i
—1=22x10%r, 2 =17
9 |—t=1.4x100r, 2=0 1

13 10[6 10

10" 10" 10

lifetime < AQOU:

evolving mass spectrum

10

100 g

_’)E
10‘;

10 |

- = CMB, a; =0
- CRIB, agpg = 0.5 1
- - CMB, ay = 0.999|
—T5, ap =0 )
—Tgl, ag = 0.5 ]
_TQL, agpg = 0.999 %

10! 10
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BH accretion radiation (solar-supermassive)
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Remaining Issue: EoR uncertainty (7)
washes out late-time DM injection

Wei-Ming Dal, et.al. (2019)

* Gallerani et al, 200%a 1.0 .
T T T S Mesinger etal. 2015
oF + L Ciallerani et al. 2008b 0.5F 1lo Penterioci et al. 0114
o [ % 1 o T TS
¢J " - ¢ Ecano-ctal. 2017 — * ] Sobacchi et al. 2013
- =1 _'I."- ? == - * Schenker et al, 2014 = 0.0 e IL J_ 1
x; $ i F e i L Greig et al. 2007 " § i i ! Tilvi et al. 2014
= - “""FF__-":“ t MeGreer et al. 2005 - 05 S I -'_- 9 Kashikawa et al. 2006
g -3 / Seheaeder et al. 2013 A A I S =1 == Ouetal 2008
g i 3 =10 s 1
- / Yy - 1 —— s
- f = 15 T 1 Omo et al. 2002
-5 / o Chuchi et al, 2000 I S il ----- Ir..-=3-7-‘i5-. -_'a..-'_=.l _{_;
. A . . . - =88, Az=110 T S . . . B 2,=635, Az=05
50 &5 B0 65 TF0O 75 &0 Py =0.5, Az=0.5 6.5 7.0 7.5 8.0
Redshift =z

Redshift =

FIG. 4: The state-of-the-art measurement on xy, (z), taken from Tza,hlﬂm The black and red dashed lines are two examples of

the “tanh” model which cannot fit the data very well.
1.

e
£

e
&

Current Pol. data sensitivity MOSTLY
derives from injection right-after recombination time

Greig & Mesinger (2016)

'Gold Sample’ constraints

HERA + Planck priors
jmmmm \WVith 25% modeling error on P2,,(k)

S
=

@ Lya emission fraction

|
+ | *  Quasar near zone

Hydrogen neutral fraction xy;,

®  Lya galaxy clustering

¥ Dark Lya forest pixels
I T

EoR uncertainty needs future exp. input o e b,

Redshift z
DeBoer et.al. 2017
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- - dec, Ty = 10%#s m =1GeV

— dec, T, = 10%s X

- - - ann, < ov >= 3 x 107%°cm3 /s, w Halo
10°¢ — ann,< ov >= 3 x 107%¢cm?/s, w/o Halo
~ . — NO DM

1+z

poor low-z sensitivity due to EoR

. ? .
Remember this bump: We need a late-time handle.



DM effect #2: IGM temperature

10 > o IGM heats up
~ _ dramatically

107 ¢
x
=3
G107 |
= F - dec, T, = 10**s m =1GeV
[ — dec, T, = 10%s X _
1 - - ann, < ov >= 3 x 107%em? /s, With Halo||
10 — ann, < ov >= 3 x 107%em?/s,No Halo |
[ -- Tems
i - NO DM
10" B — T
10 10 10
1+z

Early EoR observation will be helpful!

T o\ CanN rise by 1023 near EoR
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We may hear a lot from 21cm ...

-.Precision reionization history:
lonization fraction x,, mean temperature T

.Distribution of neutral Hydrogen gas
temperature map & power spectrum

a 21-cm intensity

103} k = 0.08 Mpc ™! -2 ] k=018Mpe

(87443, (mK?)

u

E 102k

2 10

D L R O L
8 102 p it ey M .

= § 10 12 14 16 18 20

Projected power spectrum sensitivities

Simulated T21 map w DM,
(from SKA white paper) ”

Rennan Barkana, nature25791



CMB'’s 21cm absorption windows
(1) neutral Hydrogen presence (2) Tq cooler than the CMB

Un
transparent
380 thousand years

Inflation

Initial
lowy-entropy
state

Quantum

| A
First stalls

400 rilliot

years

4

Gas temperature
decouples from
CMB z~200

Dark age window

Standard Supernoya Formation of inwheel Hubble te op
‘ the Earth galasy 13.8 bn years
9.3 bn years w "'f a
J == ‘— =
‘ g~ 11: L -

—

First clusters
of galaxies

2 bn years Pulsars Dark o ion CQuasars

matter

Picture from: philosophy-of-cosmology.ox.ac.uk

Early reionization window
(first discovery claim from EDGES)
Bowman, et.al. Nature 555, 67 (2018).




T,, dependencies...

« 21cm brightness relies on IGM temperature evolution

o Direct Tgpg measurements.

-----
- .~

51:26.8}31{1_

7, 10.0327 )1 0.307 0 )T 5 ,
f Optical depth: ~'~/. L

'Og[ 2vh }[ (9 ]1//2[1+Z]??2[TSTCMB] “:

ionization Cosmology model- Gas spin temperature diff

dependent -
Gas density from rad. field
distribution | TemB + Yela + YryalLya
Wouthuysen-Field: Ty = —MB TJe G T Iya- Lyar
1+ Ye + YLy«
Tspin - lea - TGAS B Cio T,
at cosmic dawn Je = A Te

Pj_[] T* 28




DM induced heating can suppress / erase the 21cm signal

0 _ .
-50¢ ‘Dark age’ i
i xS
A D
' -
— c |
1 00.; ;’_’ g ian/fcom
ML ceen 0
—150_ fgg I 1[]—5 i
| # .,' _5
200 .'_--":-r' (or makes it go deeper -== 5x10 i
- L if DM cools the IGM) 10_4
-r' 1 1 1 1 1 1 1 1 | 1 1 1
EoR 10°
The average ‘brightness temperature’ £
0.02 Tg

15 ~ 0.023K - .';EHI(,Z) ( 0 10
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EDGES: glimpse of 21cm era?

EDGES 2018
J. D. Bowman,et.al. Nature 555, 67 (2018).
Age of the Universe (Myr)
0.2 120 — 200 250 800
g 0_.' hl"',.r:;
o H -
@
g 02
g
g — H1
b — H2
8 04t — m3
= H4
0 H5
0.6 HE
----- P8 v
26 24 22 20 18 16 14

Redshift, z

Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case.

<b> A EDGES: A Discovery
: near 78 MHz?

~ Twice the
LCDM signal !

2020 (summer)

k - Mid-Band
-1.2 -* P Bowman et al. (2018)
; — {

60 70 80 90 100 110 120
v [MH2z]

LOFAR & MWA (by 2020)
Upper limits only.
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Discovery of 21cm means high WIMP sensitivity

On DM annihilation rates:

by requiring injection induced G. D’Amico, P. Panci, A. Strumia 18’
AT,, <+100 or +150 mK Excluding vanilla thermal wimp below 10% GeV?
]_ﬂ ]4§_|_|_|_|-|T|T| LILLBLILLLLL LILLLRLLLLL LILBLLILLLLL T |}_|||m TTT T E ]_D ]4 :IIII T T T TTTTTT T T T TTTTTT .I__ F T T IIII:
= I = ST -
- 3 - Boost ]
oot ] [ T3 = ~100 mK ]
= 1072 ¢ ;
§ 107 1 2 ]
R= u ] = K ]
Y a7 ] > 26 | .
SR 2 ?
i - y . E " ]
Z1028L7 L7 ] = ¥ i
=101 = s 3 - _
= n ; 1077 ¢ DM DM - Bb 1
29| i - DM DM = yy 3
10 E — — = - Smooth 3 : . - DM DM — u*u—]
- Boost 7 - vV DMDM = ete ]
1“ "1“ 3 i0iiiniii ii iiiiiii i iiiiiii L0 iiiiiii .‘I idininiil ID ]H Lidi i 000 iiii i i IIIIII“‘ i i L0 iiifi
10 10" 1 o 10 1w 10 10 107 107 10%
DM mass Mpp in GeV DM mass Mpy in GeV

Unlike CMB pol., 21cm is VERY sensitive to DM clustering boost a1



WIMP lifetime sensitivity @ 21cm discovery

Limiton T_,_rise:

GAS

AT21 < +100 or +150 mK at z=17

1028, — Planck
102? -_‘ J,’ ------- "'::"’-. === Tp15=100mK
Eh e A \L "._“-‘ == Tays=50mK
p— L "'.t "";' ‘-..* * =
|E| 1026&_ L JC/77 };“*. H_‘_‘h- _;
g E Ofe"-..._ “"\‘ E
[ =] 1025§ COS[H“‘-.‘“*-.._E
10%L ]
ete”
028l vl v el vl i ]
102 102 107" 10° 10' 10® 10° 10*
Mpwm [GeV]
1071 — Planck === Tz;5-100mK
- <= Fermi === Tpy5-50mK
108 e oo
Ty F e el el —
LA 250 T TTteeanl. Temeel -~
= 10 2 Rah T .
D cE T T
[ = 1024;—_-—\ - L.
1038L PLANCK15 ]
| | e
102 10° 104
Mpwm [GeV]

S.Clark, B.Dutta, Y.Gao, Y.-Z.Ma, L.E.Strigari, 18’

T ||||:|]I| L
— Planck

-=es Tp15-50mK

—== T215-100mK

10°%101031072107" 10° 10' 102 10° 10*

Mon [GeV]

102’3;— = Pllar'lmlkl N Tz;s—lﬂiﬁlﬂlrrlll:i”
107L == Fermi  =+== Tp5-50mK
i e
10 E-..- -*:--.._, ~~~~~ Ferm’LAT : --.é
105F e I E
- B
102L  PLANCK15 T
E ol L L
102 10° 10°
Mo [GeV]

Decay: unaffected by clustering.
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Better sensitivity If real data kicks in.

10

102

1078_

10—10

1015

CMB (Clark et al. 2016)
—— Vovager (Boudaud et al. 2019)

—— 511 keV (Laha 2019)

—— EGB (Arbey et al. 2020)

—— INTEGRAL (Laha et al. 2020)

—— Super-K (Dasgupta ct al. 2020)

—— COMPTEL (Coogan et al. 2021)
—— Leo T (Laha et al. 2021)

—— EDGES (Mittal et al. 2021; this work)

10'16 10‘17
Mppn (g)

Fit to EDGES data
with X-ray heating model.

Mittal, et.al, 2107.02190
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Xe1 T inhomogeneity Modified DM energy deposit equation:
impact 21cm power Spectrum Inhomogeneous heating terms

+ transport terms

Spi= (T —T) /T

140 |

120

100 IS

80

y-axis ‘Mpc]

60

40

20

20 40 60 80 100 120 140 20 40 60 80 100 120 140
x-axis [Mpc] x-axis [Mpc]

0.14

0.12

1 0.1
10.08
10.06

10.04

0.02

preliminary . (Mpc/pixel, deposit terms only, instantaneous deposition)
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J.Cang, Y.Gao, in progress (Stay tuned!)



CMB & 21cm: capable of EW, TeV scale DM search.

Upcoming CMB pol.
AdvACTPol, AliCPT, Simons Obs.,
SPG3, 54, etc..

Very promising 21cm:
coming closer?

(EDGES, SKA, MWA, etc.)

Matter Spectrum
(10+ Mpc)

warm DM

heating
ionization

dragging

extremely
light boson

Polarization
Anisotropy

Spectral
distortion

small-scale spectrum
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backups
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Exp. specifications (DM)

Experiment v|GHz] wg 4{/ [uK-aremin] Opwin [arcmin)] Foky [70] Cnin Crnax
28 113.1 7.1
41 99.0 4.8
AdvACTPol [20, 58, 59] 90 x 11.3 2.2 50 3507 4000
150 % 9.9 1.4
230 354 0.9
=
ALCPT [60] o ; W 10 30 600
38 39 90
e T 034 13 40
CLASS [22] 1484 15 o4 70 5 200
217 43 18
95% 13.9 5.2
Simons Array [24, 61] 150 114 3.5 65 30 3000
220 30.1 2.7
27 354 93
39 24 63
Simons Observatory - SAT [25] fj;; 2:'37 ig 10 25 1000
225 6 11
280 14.1 9
27 73.5 7.4
39 38.2 5.1
Simons Observatory - LAT [25] fj;; 23 ?_21 40 1000 5000
225 21.2 1
280 52.3 0.9
95% 5.1 1
SPT-3G [19, 61, 62] 150% 4.7 1 6 50 5000
220 12.0 1

& AdvACTPol constraints would improve by a factor of 2 if choosing ¢,,,;,, = 60.
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Exp. specifications (PBH)

EXP eriment f :;k\ gmin 14 max 14 oP HF‘VVHI\-I
(GHz) (pK-arcmin) (arcmin)
90 7.3 12.1
100 7.1 10.9
O e ar | 115 7.0 9.6
COrE [40, —LO] 0.7 2 3000 130 55 35
145 5.1 7.7
160 H.2 7.0
e e - ; ‘ 05 2.9 2.2
CMB-54 [()(), 07] 0.62 30 3000 145 9 3 14
90 2.1 9.5
108 1.7 7.9
1 AC
PICO [48, 49] 0.7 2 000 o i o
155 1.3 6.2
89 11.7 35
: 100 9.2 29
LiteBIRD [17] 0.7 2 200 1 i -
140 5.9 23
. . | 05 13.9 5.2
Simons Array [53, H4] 0.65 30 3000 150 114 a5
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