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Model setup
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Freeze-in of inelastic dark matter

= We assume
= no initial amount of DM
= Feeble coupling between DM and SM

DM is gradually populated by f f — ix

IR freeze-in: The production is dominated by T ~ m,,
— It does not depend on the initial conditions
DM =% y; + 72 x5!

Scalar;
f X [ b4
my y
f X [ 7 X
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Freeze-in with scalar mediator
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Decays of heavier state y,

Below Am < 2m,, yx, is meta-stable and can decay into y; and photons:

Scalar mediator:

X1 X1
X2 —b—/ % X2 > /
AN
k(p* ~ Am |4
14 14 y
. \2 7 4
1 1 [coupling 20 Aam \P /30 MeV\* 11 (couplmg) ( Am ) (30 MeV)
Txa=x1vvy 10%%s\ 107 900 keV my, Txz=xavy 102% s 1077 900 keV Mgy,

= More than million times longer than the age of the Universe: ~ 1017 s

= Nearly all y, has survived up to today, making up a half of dark matter!



X-ray signals from y, decays

Expected photon flux from y, decays is given by

/ Fraction of y, in DM const.

v

dp dN 1 11j j dN 1 D
dw da)rx mz L oS, ds s pou = dw T,, m, 8w

No. of y, in Ilne of sight
Photon’s energy dlst

Decay rate

= Emitted photon’s energy: w < Am < 2m, ~ 1 MeV = hard X-ray region

= Despite y,’s long decay time, the expected signal from y, decaying today in
Milky Way galaxy matches the sensitivity of the INTEGRAL telescope

Purple: astro/cosmo
Red: model param.




X-ray spectrum and background

lﬂ_l ] ' T ' 7 ]
O Unres. point sources Positronium decays ]
_9 0 1O scattering 0 Total background
10 Nuclear decays + INTEGRAL/SPI

X2 = X17Y7YY

w (keV)

DM flux example: Am = 900keV, 7, m, = 10%°s



Comparison to terrestrial experiments: dark photon

We translate our limits to mediator coupling to SM
vs. mediator mass.

regions: visible decays of A’ from beam
dump/ fixed targets (bottom) and colliders (top).

= On this plot, we fix m,

dd 1 (cg)?amt3 1
o' o Z
dw  T,,m; M m;

is fixed for DM production, given m,

At each Am, we set a lower limit for my,

Larger Am can probe larger my,

In this inelastic DM scenario, we get to constrain
the previously unexplored parameter space!

Y2 — x1yyy with m, = 0.3 GeV
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Comparison to terrestrial experiments

We process the limits similarly for leptophilic scalar.

: regions: visible decays of ¢ from beam
dump/ fixed targets (bottom) and colliders (top).

On this plot, we fix m,

dod 1 (kym,;/v)?Am” 1
x x -
do  T,,m, my, m,

xkym,; /v is fixed for DM production, given m,

At each Am, we set a lower limit for m,

Larger Am can probe larger m

In this inelastic DM scenario, we get to constrain
the previously unexplored parameter space!

: leptophilic scalar

x2 — X177y with m, = 0.3 GeV
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Conclusion

Mass
= Made of two almost degenerate states y;, y, with Am =m, —m, “.
rays
= Two mediator scenarios: and lepton-specific scalar I A2 4
= DM is feebly coupled to SM and gradually produced via ff — ix

X1, X2 make up half of DM each

1022 =

10-2 X2 — Y1y with my = 0.3 Ge‘l.r':

Smallest Am (keV) for exclusion

= For Am < 2m,, y, can decay but is cosmologically long-lived
. | x> — y1yy can be detected as X-ray signals 0 | | | o0
= Constraints on DM signal strength probe previously unexplored _ 200
parameter space w10 f
: 700
10°° F
i 600
10°® -. : | 500
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Inelastic dark matter

= Write down 4-component spinor in terms of 2-component spinors charged under U(1)’:

X = (;L); LD nTiE”BNn + ETiE”Ouf —( + + + h.c.)
= U(1)' SSB w/ - small terms + symmetry-preserving terms
Lo ntigha,n + &Tig*a,é — ( + + + h.c.)

= Mass-diagonalizing,

[ m, —mg m, —mg
S P O S E— 141
1 \/2[ < 4m, )77"‘( " 4m,, >€’

1 m, —mg my, —mg
A2 \/ZK ¥ 4m, )77"‘( 4m, )5

_Am
my, = mX+T,Am = |m, — mg|

And

U1’
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Mediators’ coupling to dark matter

my, — Mg

Zr (30 x, — X1 5”)(1)]

L>ig'A, [()55”)(1 — X1t x2) +
X

" |my —mg| =Am
= The off-diagonal coupling is small because (m,—m;) /m, < 1
Lepton-specific scalar
O v+ .
Lo -7 [7(—)(1)(1 + X22) + ly_)(l)(z] +h.c.
" ¥+ = Yy £ ys Ccan be comparable in size.

= Here we assume that y_ = y_. with both real and components equal.

=y =ly_I2 + |y, |2 = 2y_.
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Decays of y, into photons:

The leading-order, Heisenberg-Euler Lagrangian is given by

€asy

258 Er,(14FYPF, FO* — SFKRVE, (FP7)

Laryyy =
The decay rate of y, is
Am? k2
FX2_>X13Y Wf \/—d(Am k2)3/2 l_‘A/ (V kZ)
AI

I, (Vk2)is the decay rate of A’ - yyy at its effective mass Vk?2: 9
9
o _ 17a§M('\/k2) 1 ( € )2< Vk? )
A" 27365373m8  5.95\1074/ \900 keV/ ’

which ensures that A" decays away before BBN for m,, > 10 MeV.

The leading order decay rate is
1o 2° g'? Am*
XXV T 35 % 7 x 11 x 13 4m2 mi,

Ly (Am)

X2

X1
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Decays of y, into photons: y, — x1yy with ¢°

The leading-order Lagrangian is given by

Km,; AEm AEmK
L = z X FWVE ~ FHMVE
224 v 6mm PE by 21V PE b

l=e,u,t

The decay rate of y, is

(Im _)2 Am?
Cysrpiay = # f dk? dy/am? — k2T, (Vk?)
¢ Y0

I,(Vk?2)is the decay rate of ¢ — yy at invariant mass vk?Z :
o _ KzaéM(\/ﬁ)g 1 ( K )2< Vk? )3
¢ 16m3v2  0.15s5'\0.1/ \900keV/ ’
which ensures that ¢ decays away before BBN for my > 10 MeV.

X2

The leading order decay rate is
o B 23 (Imy_)? Am*
xema¥y 3 x5x7  4n? m

[p(Am)

Scalar mediator:

L

A

AN

X1
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EFT expansion for Am — 2m,

As Am approaches the 2m, threshold, higher-order terms need to be included in both
decay rate and photon energy distributions, dN /dw.

[ T T T |1 ]_D T T T I I 1
8 f :
L6 J
SN
"-...___‘_ - '
odr y i
| ps
' X2 = X177 -'__J_.r-""/ﬂ
2 - ]
- - X2 — X177
D L L | L L 1 L L : | L L L | L i L |
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Ingredients for X-ray flux: D factor J J s 52 ppyy = —
los.

17
D-factor captures the astrophysical distribution of DM

= We assume NFW profile:

2
p 7"@ T'O
pnrw () = : ,  Ps = PpM,® < > (1 + _>
Ts Ts

B+

Assuming r; = 15 kpc and ppy o = 0.3 GeV/cm? at ry = 8.5 kpc

ds p(r,cos8)

Direction of North
star o Galactic Pole

Derp@jdldb cosbj ; r=\/sz+rg)—23r@c059; cos @ = coslcosb

o PO

= INTEGRAL/SPI observes longitude [ and latitude b
—47.5°< b < 47.5°

= We get D = 0.9 x 1023 GeV/cm? and use it as the fiducial value.




Bayesian analysis

SPI Data:

Adapted from

Data: 30 keV — 8000 keV
Observation time: 16 years

Observation range: —47.5°< [,b < 47.5°

— —
- i—
L1

—
=
Lad

d®/dw (keVlem2s71)

—
3
=]
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L 'I T T T T T L ] T E
| Unres. point sources Positronium decays |

IC seattering 0 Total background
Nuclear decays + INTEGRAL/SPI
X2 = X1YYY :

X2 = X177

102 103
w (keV)

DM flux example: Am = 900 keV,7 = 10%* s



Bayesian analysis
19

Data analysis:

= Performed Bayesian analysis on python platform 10~! ———— . —
“3ML” with MCMC Sampler “emcee” Lnres. point sources Positronium decays
= T scattering Total backsroun
= We float overall DM signal strength anddscan 7107 ﬁmfufmlﬁ + :‘:;L}lfiﬁ,,f
over Am € (0,2m,), which determines — -:~|~i” :
= 1079 Yo = Y19V 1
do _ AN S : 2 "7 ALV ;
T = Signals rengt da)( m) ’l} 10-4 L
2 i
= Signal strength: 0 — 1 keV~'cm~2s~*, Uniform 3 107° |
Prior =
o106
= Given null evidence for DM signals + 2 1070 F
background, set 95% credible upper limit for
signal strength 10-7 ! S

10° 10°
w (keV)

DM flux example: Am = 900 keV,t = 10%* s



Astrophysical backgrounds that compete with DM signals

ngs
8 — GfPs

Opy = Fps [LpPS(E) + Cops (E)]

Be = FBe exp ( — (B = ime)” #BE)Q)
° V2TOBe 20]2539

20

Sources (Spectrum) | Parameter | Fix/Free | Value/Range | Unit Prior distribution
Co Free 107°-1.0 keV~! s7! cm=? | Log Uniform
Unresolved Sources Eq F}X 50 keV -
Qg Fix 0.0 - -
Eo Free 1-100 keV ?in‘l’at:d:(}?afsfg
Ci Free 1071°-1.0 keV~! st em™ | Log Uniform
Inverse Compton E, Fix 1000 keV -
oy Free -3.0-0.0 - Uniform
Positromium F511 Free 107%-0.1 s~ cm™2 Log Uniform .
fo Free 0.0-1.0 1 om-2 Truncated Gaussian
y F=1pu=10=02
Fge Free 10~1°-1.0 st em™2 Log Uniform
Nuclear line ("Be) | og. Fix 2.4 keV -
[Be Fix 478 keV -




. Fge
Nuclear line backgrounds Do = o exp
Sources | Parameter | Fix/Free | Value/Range Units Priors
Truncated Gaussian
—10__ -1 -2
- Fye Free 10 1.0 sT' cm F—1, 4 —, FWHM= 2.0 x 10-*
© OBe Fix 2.4 keV -
UBe Fix 478 keV -
Log Uniform
—10__ -1 -2
. Fa Free 10 1.0 s ' cm (Fay = aF)
Al (Gaussian
@ Free 0-1 i 0.18 + 0.08
O Al Fix 1.7 keV -
LLAL Fix 1809 keV -
F¥y, Free 10719-1.0 s~ em™? Log Uniform
ﬁl:I'Fe o (FFel = FFEZ)
! OFe, Fix 1.5 keV -
[Fe, Fix 1173 keV -
Fre Free 1071°-1.0 s~ em™? Log Uniform
60Fe ? (FFel — FFEZ)
2 O Fey Fix 1.5 keV -
UFe, Fix 1332 keV -
Truncated Gaussian
—10__ -1 —2
- Fra Free 107710 M B 14—, FWHM = 1.3 x 104
a e Fix 85 keV -
N2 Fix 1275 keV =

(_

(E - iuBe)2

2
205,

)
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Translating results to lower limits on tm,
db dN 1 D

dw dt  dw Ty, My 8T

= We derive the limits for the maximum signal strength allowed at each Am

= We translate the limits to 7, m,

2.0 - T -Xgl_} 1':]'"’-';"-';' | - I 2.0 - T - Xﬁ —:'F' X]]TT | - I
L = 1y = 0.1 GeV i | !- | L = 1y = 0.1 GeV :I I!I
- === m, = 10 Gey _- - === m, = 10 GeV 1| i
= =
5 15 | 5 15 |
o | o |
= =
= =
= [ = [
E 10 F E 10 F
l-n::: | l-n::: |
0.5 - ; | ; | : l LI 1 1 |- 0.5 - ! ; ! ; : i
0 200 400 600 00 1000 0 200 400 600 00 1000

Am (keV) Am (keV)
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Mediator plots with Am fixed db _dv_1 D coupling?Am® 1

dodt do T,, My 8T me.q m,
102 Qe Xy with Am =90 keV | e Xy with Am = 900keV
: j S '

3
103 | | 3
=

w10tk { ® 1 % € 107! | 1B
]
10-% k | S
| g
' =

10-% e e 0.1 10-2 ] 0.1

102 10~ 102 10!

m g (GEV} mq{, (GEV)

Largest m,, (GeV) for exclusion



	Slide 1: X-rays from inelastic dark matter freeze-in
	Slide 2: Model setup
	Slide 3: Model setup
	Slide 4: Freeze-in of inelastic dark matter
	Slide 5: Decays of heavier state bold italic chi sub bold 2 
	Slide 6: X-ray signals from bold italic chi sub bold 2  decays
	Slide 7: X-ray spectrum and background 
	Slide 8: Comparison to terrestrial experiments: dark photon
	Slide 9: Comparison to terrestrial experiments: leptophilic scalar
	Slide 10: Conclusion
	Slide 11
	Slide 12: Inelastic dark matter
	Slide 13: Mediators’ coupling to dark matter
	Slide 14: Decays of bold italic chi sub bold 2  into photons: bold italic chi sub bold 2 goes to bold italic chi sub bold 1 , bold italic gamma bold italic gamma bold italic gamma  with bold italic cap A. to the asterisk operator 
	Slide 15: Decays of bold italic chi sub bold 2  into photons: bold italic chi sub bold 2 goes to bold italic chi sub bold 1 , bold italic gamma bold italic gamma  with bold italic phi to the asterisk operator 
	Slide 16: EFT expansion for cap delta m goes to 2 m sub e   
	Slide 17: Ingredients for X-ray flux: D factor 
	Slide 18: Bayesian analysis  
	Slide 19: Bayesian analysis  
	Slide 20: Astrophysical backgrounds that compete with DM signals
	Slide 21: Nuclear line backgrounds
	Slide 22: Translating results to lower limits on bold italic tau bold italic m sub bold 2 
	Slide 23: Mediator plots with bold cap delta bold italic m  fixed

