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® The existence of dark matter, neutrino mass, the nature of neutrinos,
matter-antimatter asymmetry.... are the unsolved puzzles of nature.
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® Many different possibilities have
been proposed to evade such
strong DD bounds.
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® We need to look for other o
possibilities to probe dark matter 109 | )
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® The existence of dark matter, neutrino mass, the nature of neutrinos,
matter-antimatter asymmetry.... are the unsolved puzzles of nature.

Dirac or Majorana?

® No positive signal so far in Ovf[) experiments.
Are they Dirac particles?



® The existence of dark matter, neutrino mass, the nature of neutrinos,
matter-antimatter asymmetry.... are the unsolved puzzles of nature.

Dirac or Majorana?

® No positive signal so far in Ovf[) experiments.
Are they Dirac particles?




® The existence of dark matter, neutrino mass, the nature of neutrinos,
matter-antimatter asymmetry.... are the unsolved puzzles of nature.

Dirac or Majorana?

® No positive signal so far in Ovf[) experiments.
Are they Dirac particles?




® Like other charged fermions, there will be vy as light as v;.

® If v mass is generated via SM-like Higgs through yHZI:II/R, then y, X 10712,

e Tiny  masses via Dirac seesaw (Logan+2009, Ma+2015, Valle+2016,
Baek+2019 ...) and loop induced processes (Babu+1989, Ma+2012 ...)

® Lp can act as dark radiation and be important from cosmological point of view.
Prad — Py
pI/L

Effective number of relativistic DOF: NV ¢ =

o N =2.99727 (PLANCK 2018);N.y" = 3.046; AN, = 0.285 at 20.



® Like other charged fermions, there will be vy as light as v;.

If v mass is

Tiny 7 massc
Baek+2019 .

Up €an act a

Effective nu

N

c

1Oj_ll| 1T TS II| | IIIIIII| | IIIIIII| | IIIIIIII | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIIII | Illllll
: 5 A
5 Ti 8 — SVR
i > — 2VR
— 1VR
: \ :
0.50 )
" Planck+BAO
SPT-3G/SO -~ N S~ ————
0.10FTETEIIIIIIT I e S
_CMB-S4 o YeM—
0.051_11| | Illllll| | IllIIII| | Illllll| | lllllll| | Illllll| | lllllll| L L | llllllT
10> 10™* 10~° 102 10°' 10° 10' 10% 10° 10%
vr decoupling temperature Tgec in GeV

" hen yy ~ 10712,

| +2016,
1012 ...)

| jical point of view.

5 at 2o.



® Like other charged fermions, there will be vy as light as v;.

If v mass is

Tiny 7 massc
Baek+2019 .

Up €an act a

Effective nu

N

c

1OI_II| 1T TS II| | IIIIIII| | IIIIIIII | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIlIIIII | IIIIIIl
: 5 A
5| Ti 8 — SVR
i > — 2VR
o 1VR
1! .
0.50 )
" Planck+BAO
SPT-3G/SO -~ N S~ ————
0.10FTETEIIIIIIT IR e S
_CMB-S4 o YeM—
0-051_11| | lllllll| | IllIIII| | Illllll| | lllllll| | IIlllll| | lllllll| L L | llllllT
10> 10™* 10~° 102 10°' 10° 10' 10% 10° 10%
vr decoupling temperature Tgec in GeV

" hen yy ~ 10712,

| +2016,
1012 ...)

| jical point of view.

5 at 2o.



WHATIE? ..

SM smglet Up
The dark matter (1//)

10712 & yHLHI/R + /1H¢(H TH )((/5%) + VWL

Slnglet scalar (¢) SM sector

® No direct connection between dark
matter and RHNs to SM particles.



WHATIE? ..

(o VR W)
¢:\ ,:¢ ® ¢ is the only portal between DS and SM bath.
- T o ® Dont have a strong direct detection bound.
vh



1012 » yyLHvg +Agy(H H)($ ) + vy ipduy

® ¢ is the only portal between DS and SM bath.

® No Direct detection bound due to loop suppression.

® Thermal or non-thermal production of dark sector particles.

® The presence of relic U, can significantly contribute to AN 4.

® Free streaming length of DM can be significantly affected.



1012 » yyLHvg +Agy(H H)($ ) + vy ipduy

® ¢ is the only portal between DS and SM bath.
e Case I: Ay, y, = O(1)

® No Direct detection bound due to loop suppression.
® Case II:

Ay = O(1),y, < < O(1) @ Thermal or non-thermal production of dark sector particles.

® Case lIL ® The presence of relic 1, can significantly contribute to AN 4.
Ay < < O(1),y, < < O(1)
® Free streaming length of DM can be significantly affected.
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0 ¢ will thermalise with SM plasma due its interaction with H.
o Both vp and y will thermalise through their contact with ¢.

0 Once, ¢ decouples, both v, and v become disconnected from the
| bath.
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:o Both vy and y will thermalise through their contact with ¢.

0 Once, @ decouples, both v, and y becomes disconnected from the bath. T.‘

When T > T4cc
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_ te ¢ will thermalise with SM plasma due its interaction with H.
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Indirect probe through AN, .

e ywyh vertex generates at one loop

level.=P> o, is suppressed.

® No possibility to detect in direct
detection experiments.

e However, measurement of AN, opens
the possibility of probing such
scenarios.

® Future CMB experiments will probe
such model severely.
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e What is DM and vy are connected through tiny coupling: y¢l/7gb1/R

e Then there can be three different situations depending on /1H¢(H "H) (" ):

® Case I: ¢) decays to DM and vy, from the thermal bath.

® Case II: ¢ freezes out from the thermal bath and then
decays.

® Case III: ¢) was never in the thermal bath but produced
non-thermally from Higgs decay.
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® ¢ was never in the thermal bath but produced non-thermally from Higgs decay.

o, o, T o
® () can be produced from the — — Hp,— = C'=P . CM=99" . CO~PRY
decay or annihilation of SM ot P mo\3
Higgs. dy, 8P F¢m¢J' (5277) G Tp(S, 1) i
dr  r#s 2n? o\ 2
e Amount of AN ¢ is sensitive to \/(‘f‘d 7) +m;
the production time. 1Y 8P

0o m 3
T (ET') J (527_> 52f¢(5, r)ds
4/3 2
® It also depends on the injected dr 1s 27 Jo :
energy to DM from decaying
particles.
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= m, = 1keV, Arsp =23 Mpc
= m, = 3.42 keV, AgsL. = 9.24 Mpc
10° | = m,=50keV,kgse=1.01Mpc | _
= m, = 0.5 MeV, Agsp. =0.13 Mpc
Iy = 1 Me\/, kFSL =72.2 kpC

Iy = 10 MCV, }\'FSL = 8.2 kpC
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Solid lines
Dashed lines — y, = 5x10"°(AN.z=0.049)
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E— 1 =
m, =10 GeV
-y, = 1x10"°(AN4=0.278) Ay, =4.8x107 01k m CP-------: | 0 GGV
m, =3.42keV .
Q,h?=0.12
R _Y 0.01
e ,
7 4’ A 10
>
~— —41
v 10 —m = | ke\/, }\'FSL =23 MpC
— Iy = 3.42 keV, 7\‘FSL =0.24 MpC
\ 107° = m, =50 keV, A = 1.01 Mpc
‘ —Imy, = 0.5 MCV, }"FSL =0.13 MpC
‘ 10—6 ______ Iy T | Me\/, kFSL =72.2 kpC
|‘ === m, =10 MeV, Aps. = 8.2 kpc
\ 10”7 L
" . o 1 10—3 10—6
| | T (GeV)
TABLE III: Table for case III
Parameters
Q[)Mh2 ANeff FSL(MpC)
my(GeV)| Ay | yg |my(keV)
10 4.8 x 107710710 3.42 0.12 2.7 x 1071 9.42
50 4.8 x 107?[1071°| 5.63 0.12 [3.6 x 1071| 15.5
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Conclusion

We have studied the possibility where the Dirac nature of neutrinos can

impact the DM parameter space through their contribution to AN 4.

Discussed the possibility where DM and v, both are connected to the SM

through a singlet scalar ¢.

We have discussed both thermal and non-thermal productions.

In case of non-thermal production, the FSL of DM and AN, can be
correlated.

Depending upon the choice of the parameters, FSL can rule out DM all the
way up to a few hundred keV.
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Thank you for Your attention .
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Up can have additional interactions and can be
thermalised or it can be produced from the non-
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Up can be thermalised or it can be produced from the non-
thermally just like DM particles.
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R T, ) < 0.50
g*S( Up ' i
Planck+BAO
If, it is produced non-thermally, the amount depends on the = " ™ ~__

particular process.

For example, from SM-like Higgs via y,; ~ 10714,

AN = 7.5%x 1071 |
Luo, Rodejohann and Xu, 2021

What if the production of DM and v/, are connected?
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SM singlet scalar (¢)

The dark matter ()

Particles|SU(3). x SU(2), x U(1l)y| Z4
(g (1,2, ~3) i
e% (1,1,—1) 0
Ve (1,1,0) i
" (1,1,0) 1
0 (1,1,0) 0
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SM singlet scalar (¢)

The dark matter ()

~~

Lfermion — iER7“ au VR ZE’Y“ 8u¢ T mv,b@%b _ (yHZHVR yquVqu hC) .

Similarly, the scalar Lagrangian of the model is

Locatsr = (D H) (D H) + (0,0)1 (0 ¢) — [ —py (H'H) + Ay (HTH)? + p3 (67¢) +

Ao (0'0)” + Ay (H'H)(8') + X;, (0" + (¢1)") } ,

27
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(b) Thermalisation processes of ¢ with the SM bath.
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Casel: Ay, vy = O(1)
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Case II:  freezes out from the thermal bath and then decays: /,,, ~ 107, y,, < < |

m, =1000 GeV
Solid lines =y, = 1x10"%(AN.£=0.28) A, =2.05x107°
1 Dashed lines - y, = 5x10"'°(AN4=0.055) m, =30keV
Qq,h2=0.1210.02
> e S —— S : 5
= m,=1000 GeV, Ayz,=5%x 107,
21073 =T v, = 107"
D Y i
= _ Yy
L= N
> 10
g \ m, = 5keV Apgy=47.42 Mpc
O /7 \ m, = 10 ke‘/; AFSL=22-81 MpC
108 7 ‘ \ m, = 100 keV, Ars;=3.93 Mpc
/ \ m, = 146 ke‘/: AFSL=262 MpC
- //// \ m, = 1 MeV, Ars;=500 kpc
A/ \ —
/7 | | | |
10—12 . i 2 e MAiaa o o .....I. . . z
10* 1000 100 10 1 0.1 0.01 1073 1074 107° 107° 1077 1078 107°
T (GeV) T (GeV)

TABLE II: Table for case II

Parameters

QDMh2 ANeff FSL(MpC)
my(GeV)|  Amg | Yp |my(keV)

1000 | 5x 10=° (10719 146 0.12 5.8 x 1072| 2.625
500 5x 107° [10710] 275 0.12 2.2 x 1072| 1.146
1000 (1.6 x 1074] 107 2| 820 0.12 (7.2 x 1074 0.071

500 | 107* 1077 550 | 0.12 |6.5x 107" 0.077 A. Biswas, D. Borah, N. Das, DN PRD2023




Gase I: / decays to DM and ., from the thermal bath: Ay = 0(1),y, < <1
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Solid lines -y, = 2.7X10"°(AN.=0.002, m,=10keV)
Dashed lines — y, = 1x10"°%(AN,5=3.2x10* m,=70keV) 0.1
m,=10 GeV, y, = 5x 10"’
— — — p— — — = — — . — ] 001 © Y(p
Yo Y
o > 107°
. =1GeV / //’ ~
I(I)lwh2=0.12€io.02 7 Y,
104 5 keV, Aps;= 169 kpc
10 keV; AFSL= 91.8 kpC
81 keV AFSL=141 kpC
10_5 100 ke‘/; AF5L=116 kpC
100 10 1 0.1 0.01 10
T (GeV)
TABLE I: Table for case |
Parameters
QDMh2 ANeff FSL(MpC)
m g (GGV) Yo My, (keV)
10 |5x 10719 81 0.12 |1.6 x 10| 0.0141
50 |5 x 107190 440 0.12 (2.9 x 10~°| 0.0030
50 10~ 110 0.12 1.2 x 1074 0.0105

A. Biswas, D. Borah, N. Das, DN PRD2023



Invisible Higgs decay and 2, ;
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Distribution functions of ¢

(i) Case LI fy(k;) = e tu/T,
(i1) Case II: we can find f (k) after the freeze-out of ¢
by using

of ¢ i, e Af ¢

— PV, 26
ot ok, (26)

(iii) Case III: we can find f,(k;) by using

df ¢ of 1
k — Ch—99 Chh—>¢¢ CP—VRY
P ok i i

(27)
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)‘FSL — dT7 (17>

/Tpro(l

where T, 1s the temperature of the universe at the time of matter-radiation equality while

Troa denotes the temperature during maximum production of DM. The average velocity of

DM ((v(T'))) at a temperature T" can be expressed as

f p1 d’p: f( T)

E, (27)3 Y \P1;

(0(T)) = = |
f (2759)13 fl,/)(plaT)

(18)
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