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Overview:

» A freeze-in model for lepton flavored dark matter
> Minimal Flavor Violation in lepton sector
o Stability
o Detection
» Neutron Star as Dark Matter Probes
o Kineftic heating
o Uncertainties
o Results

» Summary




Dark Matter & Production

» Dark matter constitutes ~1/4™ of total energy density
» DM particle must
» Be stable on cosmological scales

» Reproduce relic density: Qh? = 0.12

» Production mechanism: Freeze-out
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Freeze-in & Lepton Flavored Dark Matter
Freeze-in mechanism

» Non-thermalized: small couplings

» SM(SM) — DM,DM

» Qh? « {ov)
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Minimal Flavor Violation: Quark sector

» Consider the quark sector of the Standard Model
Loy D 1QPQ + itigPug + idgPdg — QY ugH — QY drH

(u,d) Up dp
(t,b)/, tg br
» All but the Yukawa term are symmetric under a large Global symmetry
Q- Uy0, ur = Uy upg, dp = Uy, dp

GrLr~SU(3) o Q@ SU(3)y,® SU(3)4,
0~(3,1,1), up~(1,3,1),dg~(1,1,3)

» MFV hypothesis demands that the SM Yukawa matrices be the only
sources of flavor breaking. Treats Yukawas as spurions fransforming non-
trivially under flavor:

QY,upH = Y,~(3,3,1), QY drH = Y;~(3,1,3)

» Models are constructed by adding flavored particles and constructing
operators invariant under G, g




Minimal Flavor Violation: Stability Analysis

Denote the ireducible representation of a SM singlet DM y under G, =
X~ (nQ» mQ)Q X (ny, mu)uR X (nd»md)dR

A B ¢ D E F G H I Ji
Condition for Ogecq, t0 e allowed:
MFV:
SUB)g:(A—B+G—H+I1—-]+nyg—my)mod3 =0 30351
-3, sy@3)y:(C-D-G+H+n, —my) mod3 =0 3@3®3=1

ugr~(1,3,1),
dp~(1,1,3), SUB))y:(E—F—-I1+]+n;—myg)mod3=0

Y,~(3,3,1), SM color:
fa~GL3) Sy@3)a(A—B+C—D+E—F)mod3=0

Stability = (nQ — Mg +ny, —my +ng — md) mod 3 + 0

303R®R3=1
(ng —mz)mod3 =0

Allowed = (TlQ — mQ + n, —my ~+ ng — md) mod 3 = 0 Batell et al (2011)




Minimal Flavor Violation: Lepton Sector

» Consider the lepton sector of the Standard Model
LSM D) lLﬁL + iéRﬁeR — LYleRH

le €R
L~ l‘u ’ €R~ UR
L, TR

» All but the Yukawa term are symmetric under a large Global symmetry

GLr~SUQ3)L ® SU(3)eR
L~(3,1), ep~(1,3)
» MFV hypothesis demands that the SM Yukawa matrices be the only

sources of flavor breaking. Treats Yukawas as spurions fransforming non-
trivially under flavor:

LY,erH = Y;~(3,3)

» Models are constructed by adding flavored particles and constructing
operators invariant under G g




Minimal Flavor Violation: Stability Analysis

Denote the ireducible representation of a SM singlet DM y under G, =

X~ (nL»TnL)L>< (ne:me)eR

And write the most general decay operator

Odecay = XLR !;_AI;_J@?Y_J && L Oweak
A B C D E F
Condition for O4ec4, T e allowed:
SUR):(A—B+E—-F+n,—m;)mod3 =0 3(;?;;;1
SUB)r:(C—D—-—E+F+ng—mg)mod3 =0 303R3 = 1
>A—-B+C—D+n,—m;y+ng—mg)mod3 =0 (ng —nz) mod 3 =0

Assume y has lepton number g,y and demand for lepton
number conservation

Stability = (n, —m; + ng —mg — q ) mod 3 # 0

Batell et al (2011)
Chen et al (2016)




(ng—my+ng—mg—qy)mod3 #0

= DM representation automatically stable up to all orders

XL Xr qn MFV LNC Stable Operators
31 13) -1 v v v ()?LUWY[XR)BW» ()ZLUWYZVSXR)BW; (LYixr)HTH
31 GB1) -1 v v v ()ZLUMVXR)BMVI ()ZLO-MV]/SXR)BMV’ CoLxp)HTH
®H 18 -11 v vV (oY xR)BY, (o VY s x)B*, (1Y, x)HTH

Introduce a chiral, fermionic DM transforming nontrivially under flavor group:

XLN(3;1)GLF~(X1:X2'X3)L» XR~(1;3)GLF~(X1:X2)X3)R: where G p~SU(3), ® SU(3)eR

i 1

1 _ _
Ling 2 m(XL%leXR)BW + TN (LowysYixr)BHY + ey (XLYZXR)HTI_{

Magnetic dipole moment (MDM)  Electric dipole moment (EDM) H-—mediated

and the masses of the DM partners get related by:
m, (XL XRr) = My im, 1m, = mgm,:m;



Lepton Flavored DM: Freeze-in

XLN(Brl)GLFN(XltXZrXS)Lr

XRN(er)GLFN(Xli)(Z:XB)RJ where G r~SU(3), ® SU(3)e,

4 ;

Lint D—WLJuleXR)BHV +

2AmFy B
Magnetic dipole moment (MDM)

i

2AmFy

(Lo YsYixr)B*Y +

Electric dipole moment (EDM)

1

2A

FV

~

()ZLYZXR)HTH

\ m, (XLY1Xr) = my im,,:m, = mgm,:m;

H-mediated
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Plasmons: A brief digression

An addifional production channel was identified for
freeze-in mechanism (pvorkin et al 2019).

Decay of photons that acquire an in-medium
plasma mass. This was already known in the SN
cooling process.

These plasmon decays were shown to be a
dominant channel for DM production for sub-MeV
DM masses (lighter than the electron).

Thus including this channel was shown to lead to
significant reduction in the predicted signal strength
for DM searches.

In UV freeze-in the plasmon production is also
maximum at largest temperature and there is no
competition between the 2 — 2 process and the
decay process

Y Yixrp)B*Y , Y Yixgr)B*Y
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Lepton Flavored DM: Direct Detection

XLN(?’;]-)GLFN(XLXZ;XS)L; XRN(LB)GLFN(XLXZ;XS)R; where G p~SU(3), & SU(?’)eR

/ 1 _ J — 1 —
Lint 2 (XLO-,LWYIXR)BMV + l (XLO-;WVSYIXR)BMV + (XLYIXR)HTH
2AMFV -

2 - 2ApmFry ~ 2AmFv
Magnetic dipole moment (MDM)  Electric dipole moment (EDM) H-mediated

and the masses of the DM partners get related by:
m, (XLYi1xgr) = my im, m, =m.m,;:m;

=

~

For direct detection:
X1

dR 1 PDM /\rur:m: d(}'N
= — d . 1br v

dER — my my, Sy . (BR) Uf{}(v)dER(v Rr)

doy _ 720202 4,2 F(E)|2, for EDM f

dER = a~Cyye A%/IFV UZER R ,for )

doy 2 2.2.2 1 1 1 1 , |

iE, =Z“a“cyys A%/IFV Ep + 2mpy v’ B levz |F (Eg)|?, for MDM dipole — charge.
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10" ¢
Tr 5_0.(.35’“-\{ -------
Conditions: INERI .
Aypy > T ] *
ey R S L
my , My, < Aypy 8 102 p- E
. et SR eV
The lightest DM partner y; also has the = ;Tmﬁf’(’
smallest coupling, and forms the > 11
: 10 F i
complete relic abundance (m,, > Tgy) <§ Moot -,
XENONI1T already rules out parts of the ol L R L Ly e
parameter space with future 107 F L Lo L2
experiments probing it more ' Y xENoNITEDM
extensively. 109 oy  onyn
10" 10 10> 10°

m, (GeV)



Summary

We consider lepton flavored dark matter particles in the paradigm of
Minimal Flavor Violation to motivate a small coupling for freeze-in
production of dark matter

Lepton number conservation in conjunction with MFV leads to stability at
cosmological scales

We show with the example of a model that such a stable particle can
reproduce the observed relic density through freeze-in

And we get viable freeze-in models that can be probed in present/ future
direct detection experiments




Neutron Star as Dark Matter Probes

16

» For any astrophysical object existing in a DM-rich environment,

/ / / / V4 DM particles can scatter with the constituents, get “captured”
’ /

and deposit kinetic energy.

------- Atmosphere .
Ty Outer Crust / > Ne.u’rron Stars are one of .’rh.e most compact astrophysical
objects known to us efficient capture.

Coulomb Crystal of Nuclei
+ electron gas

\ . :
> » Assuming the NS is made up of n, p, e and u: laboratory to probe

flavored DM, especially muon.

» Old neutron stars are expected to have energies of 0(100) K.

» This leads to a heating and can bring up the temperatures to
0(1000) K ~ O(um).

» Detection at near future IR telescopes like the James Webb
Space Telescope.

Baryakhtar et al arXiv:1704.01577 [hep-ph]
Garani et al arXiv: 1906.10145 [hep-ph]
Bell et al: arXiv: 1904.09803 [hep-ph]
Joglekar et al arXiv:2004.09539 [hep:ph]
Dasgupta et al arXiv: 2006.10773 [hep-ph]



Neutron Star as Dark Matter Probes

» Assuming the NS is made up of n, p, e and u: laboratory to S
probe flavored DM, especially muon. i : OF = (x7"x) (€v,€) eutrons -
» Although there is only 1 u per 100 n in a typical neutron = 3 pmm—f%
star, it still leads to high absolute number densities of " electrons

o)
[

muons 0(10%**/cm3) making it a rare and interesting probe | muons N
for DM interacting with the muons |

» For concreteness we consider a U(1), _;,. model with R // A
o wer 100 " E
fermionic DM. g o =
- .
» Kinetic heating occurs through elastic scattering process . B c,;.g:@ A
S s > 3
Xl’l ﬁ Xl’l E a}é}‘:"‘, ‘:L!: - \“uq“i's%
B h :r!: - ""H;"b’f
» Same parameter space as DD, but complementary: 1 [ S f Sy, e
5 A Sy, Tl T
» DD is limited by threshold recoil energy, while kinetic heating - r . < 3
is dictated by chemical potential etc. - s H ~
107 { R -

» DM relative velocities are different v ~ 1073, vl ~ 0.2

102 ] ) )
0% 0% 10t 107 1 107 10 my [GeV]
Joglekar et al arXiv:2004.09539 [hep:ph]



Neutron Star as Dark Matter Probes

An account of uncertainties:

c \* oy 1/4 2
Tkin =T, n|1, ( ) -1 ’ 3 v 3 v,
kin = {max!THN (Cgeom> 0.4 GeVem™3 Thax = 2 (Vo) |5z —Erf \/;_

dosp 1 — v5g, 8T 1,1y

1/4

The magnitude of heating depends on astrophysical

: . ~ 1700 K for standard values
and parficle physics parameters through:

R, pP Eﬁnax do
. jo dr 42 () j au, <m_);) o (1) (43 + v () ) j dEr 77

min
ER

¢(r) = min(1, Sp(r)/pr(r)) takes Pauli blocking into account where 6p(r) =~ V2m, Vs () and pg(r) =  2myp, (1)

do  (9)*az4; my,
dER 2m (u)z( + vgsc(r)) (2myEg + m;.)
p 35 (R.)
Cgeom = mR? <m_))((> (V)o <1 + E% $ (Vs vg)

NS velocity: v,
DM density and dispersion velocity: ppy, Vg
NS EoS dependent: n,(r), p, (1), Vesc (1)

Baryakhtar et al arXiv:1704.01577 [hep:ph]



Neutron Star as Dark Matter Probes

NS velocity: v,
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Neutron Star as Dark Matter Probes

©
=3
=
D.UE o_o:
_059....1.0....]:l....l.z....]:B....]:d....]?5 _0.59__,,1,0,,,,1,1,,,,1.2,,.,1,3.,,.1,4,...15
R [km] R [km)]
Benchmark NS models considered:
Model A B C D
BSK-20-1 BSK-20-2 BSK 21-1 BSK 21-2
Radinus 12, [km] 11.6 10.7 12.5 12.0
Mass M. [Mg] 1.52 2.12 1.54 2.11
Number of free particles
normalized to BSK-20-1
Core chemical potential [GeV]
fin 0.27 0.81 0.24 0.51
Hp 0.008 0.60 0.38 0.25

g 0.065 0.11 0.095 0.16
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We have studied flavored DM phenomenology in stability conditions, relic density
production, direct detection and indirect detection.

We have systematically found representations of lepton flavored DM that are
automatically stable in a MFV paradigm under lepton number conservation.

Such lepton flavored DM can be probed at future direct detection experiments.

We have studied the robustness of using old neutron stars as probes of DM and
shown that astrophysical uncertainties cumulatively lead to 0(1) variation in the
NS surface temperature from kinetic heating via DM.



