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Problems in the SM

* SM fails to explain neutrino mass and
mixing.

* SM doesn’t have a DM candidate.

 SM can not explain the observed baryon
asymmetry.

* The origin of smallness of the ¢ -parameter.
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Galactic Coordinates
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J(AR) = ( Jaq 4 d82) /AL The following simple formulz hold for regions that are disks of
aperture ., centered around the GC, annuli 8;, < 8 < 8. centered around the GC or
generic regions defined in terms of galactic latitude b and longitude £ ** (provided they are
symmetric around the GC):

Brnnx
AN = QW/ d# sin @, Ji= b [dﬁ' siné J(#), (disk)
0 A
Ben e ) _ Dar )
A =27 / df sin @, J=— [()’ﬁ sin @ J(8), (anmlus)
+ Bmin Al
buax  plmax ~ 4 i
A =4 / / dbdl cosb, J= A0 // dbdl cosh J(B(b, ), (b x { region)
Ybmin i /.

(36)
where the integration limits in the formula for J are left implicit for simplicity but obviously
correspond to those in A2, For the ‘b x £ region’ the limits of the integration region are
intended to be in one quadrant (e.g. the b = 0°, 0 < £ < 90° one for definiteness), hence
the factor of 4 to report it to the four quadrants.

SGR
Figure 5 NGFP: North Galectic Pole, SGP: South Galactic Pole
I galachie langitueds
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Figura 4: Frojacfion info the galachic plans showing the galackic iongituda
retative to the Sun.

Region latitude b longitude 1| AQ Jann Jdec

or  aperture [steradians] | NFW  Fin EinB |EW Bur  Moore | NFW  Fin FinB  Tso  Bur  Moore
‘GO 0% #<0.1° T | 0.96 10°° 11579 3579 53665  17.2 6.21 81751 26.3 254 553 645 447 449
‘GO 0147 < 0.14° - 0.19 101 8255 3206 43306 17.2 6.21 52395 25.1 250 529 645 447 41.5
‘GC 1~ #<1° - 0.96 1073 1118 1196 6945 17.2  6.21 3865 180  21.0 355 645 447 249
'‘GC 2*? <2 - (L0041 542 711 3103 172 6,19 1521 155 186 287 645 447 202
‘Gal Ridge’ 0° < |b] <0.3% | 0° < |€] <0.8° 0.29 107 1904 1603 11828 17.2 621 927 19.6 222 399 645 447 284
B 0° < |b] <3° 0° < |f] <3 0.011 306 443 1577 171 6.16 T4l 136 164 236 643 446 169
Box 0° < |b] <5° 0° < |¢] <5 0.030 174 264 783 16.8  6.10 367 118 141 190 639 444 140
5% 30 07 < |b| <52 0° < |¢] <30° 0L183 477 170 12.1 5.16 848 72T 824 974 555 412 7499
10 x 10° 0° < |b] <10° 0° < |f <10° 0121 .7 280 15.5 5.85 138 930 109 134 619 437 10.5
10 % 30° 0° < [b] <107 0° < €] <30° (1364 45.5 109 1.7 509 57.2 6.86  T7.71 880 548 410 T4
10 % 60° 0% < [b] <10° 0° < |f] <60° 0.727 19.5 B6.T 759 391 30.4 506 551 613 439 357 536
'GP wio GC* 0° < |b| <5° | 30° < |{] <180° 0.913 1.32 1.38 1.28 1.24 1.33 1.85 1.85 1.8 190 188 1.85
‘sides of GC* 0° < [b] <10° 10° < |€] <30° 0.242 144 240 9.79 1.70 16.7 564 6.12 662 512 396 590
‘outer Galaxy® | 0% < [b] <10® | 90° < || <180° 1.091 0.560 0.518 0535 0.671 0551 130 129 129 135 139 130
‘10-20° 10° < [b] <20° | 0° < [¢] <180° 2.116 3.23 4.62 257 LTT 3.58 243 250 258 240 221 247
2060 20° < |b] <60° | 0° < [€] <180° 6.585 1.64 1.78 1.57 144 L67 2,05 206 208 210 205 206
‘Gal Poles’ 60° < |e'! <90° | 0° < e‘l <180° 1.684 0.992 0.947 0964  1.11 0.982 177 175 1.7 1.82 188 1.77

Table 2: Some popular ohservational regions, their angular aren and the corresponding values of the average J factor for different DM halo
profiles, in the case of annihilation and decay. *GP’ stands for Galactic Plane and ‘GC” for Galactic Center. With a slight abuse of notation
we indicate the absolute value of the longitude |£| to signify that the considered regions are always symmetrical with respect to the £ = 0 axis (for
instance 0° < £ < 3° actually means £ > 357°, £ < 3°).
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Early 511 keV line and INTEGRAL

The 511 keV line is of particular interest, originating from positron annihilation in various astrophysical and
cosmological contexts.

A series of 12 balloon and satellite experiments dating back to 1970 established the existence of a powerful,
compact, and variable source of 511 keV positron-annihilation line radiation in the galactic center.

Following early reports of a line near 511 keV, the first high resolution measurements established its identification
as positron annihilation. [Leventhal et al. 1978]

OSSE on the Compton Gamma-Ray Observatory (CGRO) made extensive observations of the 511 keV emission,
confirming the nature of the emission as constant, extended along the galactic plane with a strong concentration
towards the Galactic centre. [Purcell et al. 1993, 1997]

SPI is the gamma-ray spectrometer aboard INTEGRAL (launched in 2002 by ESA), designed to observe high-
energy photons in the range of 20 keV to 8 MeV.

The INTEGRAL sky survey has excellent exposure of the entire inner Galaxy. This led to a first all-sky image of
positron annihilation gamma-rays. [Knoédlseder et al. 2003, 2005]

INTEGRAL/SPI data accumulated over eleven years and confirmed the detection of the main extended
components of characteristic annihilation gamma-ray signatures, altogether at 58c significance in the 511 keV line.
[Siegert et al. 2016]



https://heasarc.gsfc.nasa.gov/w3browse/all/osse.html
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Possible Sources

> Radioactive decay of beta-plus unstable isotopes, such as Ni, Ti, Al, N, produced
In nucleosynthesis sources throughout the galaxy.

> Accreting binary system, producing jets loaded with pair plasma, microquasars
being the prominent examples.

> Pulsars, because curvature radiation produces and ejects pair plasma.

»> The supermassive black hole in our GC (sgr A) through various mechanisms

> DM decay or annihilation, as DM would be gravitationally concentrated in the
inner galaxy.

> The Puzzle for the 511 keV line sources still remains and no conclusive
candidate has emerged.




Positron energy below 3 MeV

>

511 keV line can be produced from the electron and
positron through Inflight annihilation (IA) and Internal
Bremstrahlung (1B).

As depicted in the top figure, IA can be the potential
source 511 keV line if the energy of positron is
smaller than 3 MeV and IB is disfavoured because
broadening shape in spectra.

Authors have assumed that rates of positron
production, energy loss and annihilation are nearly in
equilibrium when average over the propagation
timescale (< 3 Myr for < 3 MeV)

The bottom figure disallows the positron energy
above 3 MeV from the diffuse gamma ray spectra
(black line) obtained by INTEGRAL and COMPTEL.

In the present work, we are going to consider e+ e-
production below 3 MeV when we explain the 511
keV line
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511 KeV line from Positronium

v Positronium is a short lived, exotic atom like system formed by the binding of positron and
electron.

v The formation depends on their kinetic energy and the conditions in the medium. If the
positronium has lost energy (e.g. scattering), it can capture electron to form positronium.

v The electron and positron eventually annihilate, releasing energy in the form gamma-rays.

v Positronium can be in two states Para-positronium (25%) and Ortho-positronium (75%)
depending on the orientation of the spins of electron and positron

v Para-positronium represents total spin zero which can decay to two photons of 511 keV
photon energy.

v Ortho-positronium represents total spin equal to one and having three states which decays
to three photon of lower energy than electron mass.

Property Para-Positronium Ortho-Positronium
Spin Anti-parallel Parallel
Photon decay 2 photons (511 keV) 3 photons (low energy)

Lifetime ~ 100 picoseconds ~100 nanoseconds




WIMP, FIMP and SW DM Hall et al 09
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Minimal Model Construction

= Lagrangian for minimal particle content:
1. - sin€e »
XX~ SR B 4 |Dopl + [DHP =V (ép, H).

= Potential including both the Higgses:
V(¢p,H) = —uplép|® + Aplop|* — pi|HI? + Au|H|' + Auplop [P HI*.

Ly = Lgzp —

= Relation between mass and flavor gauge basis Babu et al PRD 98
f;’#_ = cos 0, A, — (tanesin ¢ + sin 6, cos () Z,, — (tanecos( —sin b, sin() Zp,, ,
X'#_ = %Z# + %ZD,&, %, -
WS = sinf, A, + cos by, cos(Z, — cos by, sin(Zp,, . 2 S 006'97(
= Scalars after taking vevs: / 00‘96’\ éj%,g)
% 4

1 0 1 2A\HU2,  AHDUHUD ’
H = — , = — (v —|— 2 — H
V2 (’UH + h) #o 2 (o +¢) > (/\HD’UH’UD 2\pv



511 keV flux estimate Ps

PDM = r/rs(14+17/rs)?

= Number density of positron: / \
1

Net+ = FZD—:-E et PDM + O-U ZDZD—ME E+!ODNI
mZD ZD

d(I)511 1
= Photon flux from the annihilation of positronium: R

/ dQ 4 .
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= Total flux after integrating along bulge:

511
@511 — / dq)'}’ a0 .
K <10.275° d$)

We note that

/ Jaecay A2~ 1.2, / Jamn d2 ~ 9.7
11<10.275° 1<10.275°
2,2 4

cos? 0 sin? 03202 gt (m2  —m?2 )2 2 \*? T .
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2
(00) 2 Zp—se—et ™ (MeV) x 107 cm?/s ,mmmp- Required CS for 511 keV but conflict DM density

TZ, (Mev) x 8 x 10*°s. === Required Decay for 511 but need total DM density???
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Multi-Component Scenarios )—» Nyp 71/

Complete Lagrangian for multi component DM:

L, #1/2 = Lm + Yp (i7" Dy — myp ) b
D,u:wD — (9uwD _iganD X,u:wD |

Evolution of both the DM:

v2- (Y| i={Zp,vn}).




DM Relic density analytical estimate and 511 keV

YO

Our Analytical result
matches with the publicly
available Boltzmann
Solver micromega result

=Yf 1+

RD for two DM components
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The BE can be solved analytically from the freeze-out point: /
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DM bounds for WIMP case

> DM relic density bound put by Planck 2018 data
> Invisible Higgs decay and BSM Higgs bound

> Direct detection bound

> Indirect detection and 511 keV line

> N_eff bound

> CMB bound

Range of model parameters for scatter plots

1 <mgz, [MeV] <100, 1< mp, [MeV] <100,
107°<0<01, 102<gp<Vir, 107 <e (<1077,
1 <my, [GeV] <100, 1072 < Ny, D < VAT .




Scatter plot 1
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* The general behaviour from the LP indicates that if we increase n_psi g_D, then the
DM relic density will decrease, and if we increase the m_{\psi_D}, then the psi_D relic
density will increase as the comoving number density effectively varies as



Scatter plot 2
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* The LP and RP show the allowed parameter space in the m_ZD-g D and m_ZD-
f ZD sigma_SI planes.

* The colour variation in both plots implies the application of successive bounds.



Scatter plot 3
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* The Z_D DM lifetime as a function of g_D (left) and m_ZD (right)
* Fluxis proportional to f ZD/tau_ZD, so anti-correlation in LP

* We also observe that tau_ZD becomes comparable to the age of the Universe
when f_ZD ~ 10"-8 — 107-7.




FIMP DM

—>py =1/2

= The Lagrangian in the present case

L5 = Ly + Up (iv* Dy — my,,) p —

1

V2

Weinberg PRL 13, Ahmed et al EPJC18

(waCbTD@wD + h-C-) :

= Majorana particle definition

Majorana mass

1

7 (VE +ivh) .

M RI = My, =+ Yy, UD -

= Lagrangian in Majorana basis:
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i _ 1 1
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Boltzmann Eq. For FIMP DM

The complete BE:

dYZD B ﬂ/pr\/ qeﬂ-‘(

|? Z Fh —>ZDZD> (Y 1 YZ ) G(mhi — 2TTLZD)

dz 0. 33771]1 G, S( ) i=1,2

+ (ng%wg NTH (Y¢H — wa YZD) 9(171#,)5 — mlp‘% —mz, ):| .

deg(n Mpz/Gei (%)

= - eq _ 2 _
dz 0'33?7]‘!2119*,5(2) lz '_lezﬂ_‘h %#)R(I)I;)B(I)) (Yh@ ng(n) O(mp, 2m¢g(1))

_ ("'){ng—ngD)NTH (Y¢g — YTJJIDYZD) 9(m¢§ — ané — Mz )] , (3.1:

Thermal and non-thermal decay width:

je' Rds
Ky(2) I g
(Thiman) = Thimaageess (LuBoypzpINti = myslysyt 2, J fyndip

FIMP DM density Qph? = Qzph?+ Qe h? = >0 2.755 x 10, (G ) -

GeV
i:ZDﬁwID



Analytical estimate for FIMP

DM total density

After using all the expressions

M)
dp

Up o

2 2 2
QZD/th QZ /wjh QZ /wjh

/

1.09 x 10" melaspe OSWp2 _
Grs\/Tx mi ’ ¢ ma

mc QFI h2

le h? _

3/2

2 22 / 2 471112#3
~~ | — D —
Qz,h” = 1.08 x 107 x 1 El z\mh U?) [(Amy,)” | 1 m,%i 0 (mj:11 277”11;5)

/7 N Am? 4m2 12ml
—HQm?M [1— QZD 1— ZZD + 4ZD 0 (mp, —QmZD)} .
N mj. mj. my,
and /
/ \ 3/2
[ myr (Amyp,)?) 4m?
2 22 | h b __¥p _
2,1 h ~ 1.08 x 102 x ;z\c - ,/[ T (mn, —2m,p)
47.”2 ; ‘5/ 2\\\\1’77 -
+ (l — m,;bD) 0 (”Lhi — QTTLWD)] ,
h;

(3.23)

(3.24)



Line Plot 1
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> LP shows the DM RD variation with z produced by different mechanisms.
> RP shows the variation for three different values of BSM Higgs mass.




Line Plot 2
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v LP and RP show the DM RD variations for three different values of g_D and
m_ZD.

v In both the plots, we see DM RD vary linearly with g_D and inversely with
m_ZD as shown by the analytical estimates.




Scatter Plot 1
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* Left panel shows that f_psi-l increases as the value of Am_psi increases.
* The right panel indicates that, for g D < 107-15, DM is mostly dominated the
fermion DM and this region corresponds to Am > 10 GeV.




Scatter Plot 2
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* LP infers that vector DM RD vary with the square of the gauge coupling g_D as

shown in the analytical estimates.
* Any fraction of Z_ D DM is allowed for the FIMP case to explain the 511 keV line

which was not possible for WIMP case.




Scatter Plot 3
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= LP and RP show the lifetime as a function of the gauge coupling g D and
the vector DM mass m_ZD.

= |tis clear that the Z D lifetime is proportional to the fraction of the vector DM
relicf ZD.




N_eff determination

Approximate expression of N_eff
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* Due to the suppressed
SW contribution N_eff
contribution is small
and beyond the reach
of the CMB-54.




Conclusion

* The dark U1D naturally accommodates a gauge boson which may decay and/or pair annihilate
to the electron-positron pairs due to the presence of the gauge kinetic mixing and the dark
Higgs boson.

+ Depending on the U1D charge of the dark fermion, one may categorise the model into two; one
where the charge is not equal to 1/2 and the other where the charge is 1/2, in which case a
Yukawa interaction term can be admitted.

* For the WIMP scenario, we have demonstrated that the case where the vector dark matter
becomes the 100% of the total dark matter, which thus corresponds to the minimal scenario, is
incapable of explaining both the correct relic density and the 511 keV signal mainly due to the
stringent CMB bound. We found f_ZD < 1e-3 from CMB.

+ For the FIMP scenario, on the other hand, the fraction of the vector dark matter could become
unity, while satisfying all the relevant constraints.

* For WIMP case, the freeze-out of the light vector dark matter may occur during the BBN time in
which case the BBN prediction can potentially be altered. Needs separate study.
* For the FIMP case, the lifetime of the vector dark matter may become comparable to the age of

the Universe. Thus, it may leave imprints on large scale structures, and future Galaxy-scale
surveys can further provide a potential probe.
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