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What do we know about Dark Matter ?

|] DARK MATTER [l
1= 7
Massm= ?
Mean life - = ?
]
DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
? ? ? ?

he Sun: Theory and Probes  What do we know about Dark Matter ?



What do we know about Dark Matter ?

|] DARK MATTER [l
1= 7
Massm= ?
Mean life - = ?
]
DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
? ? ? ?

» No electric charge, no colour charge (Smith et al. '79, Perl et al. '01 ).

® Non-relativistic at the time of formation of the first structures (White, Frenk,
Davis '83).

e Life time longer than the age of the Universe.
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What do we know about Dark Matter ?
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» No electric charge, no colour charge (Smith et al. '79, Perl et al. '01 ).

® Non-relativistic at the time of formation of the first structures (White, Frenk,
Davis '83).

e Life time longer than the age of the Universe.

— Evidence for physics beyond the SM.
= Lets find Dark Matter !
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Finding Dark Matter
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Introduction

e If DM (x) has a non vanishing o, T, it can be captured in the Sun.
Press and Spergel '85, Griest and Seckel '86, Gould '87
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Introduction

e If DM (x) has a non vanishing o, T, it can be captured in the Sun.
Press and Spergel '85, Griest and Seckel '86, Gould '87

® Dynamics governed by the equation

dN,,
dt

= Co — EgNy — AoN3
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Introduction

e If DM (x) has a non vanishing o, T, it can be captured in the Sun.
Press and Spergel '85, Griest and Seckel '86, Gould '87

® Dynamics governed by the equation

N
dth = Co — EgNy — AoN3
°
°
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Introduction

e The normalisation to neutrino flux:
1 2
r(mX’O-XT) = §A®NX'
e Neutrino flux at detector:

Chd) ! dF
dE,, (E,) = ard? M{my, oxT) (ZfP(VHVJ-)E(EV,))

Q-0
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Scattering cross sections

The usual SI and SD cross sections for DM-nucleon interactions:

B = (B) 1 s, 1 5,0 o8

SI f%) 2
Jgio = - A 0
b (Hp p

Types of scattering cross sections considered here:

doiconst (Vrel; COSOem) — gip0
d cos O 2
da,-’vrzel (Vrel, €0S Oem) oo [ Vel 2
dcosOcm - 2 <V_0>
O',-7q2(vre1,COS gcm) 7i.0 (1 + mx/m,-)2 q 2
d cos Oy, - 2 2 (%) '
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Dark Matter in the Sun: Capture

¢ For velocity and momentum independent cross section (with T = 0),
energy loss should be at least

AE w2 — 2
2= 77

and from kinematics

I
0< .
Y

AE
= <
<
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Dark Matter in the Sun: Capture

¢ For velocity and momentum independent cross section (with T = 0),
energy loss should be at least

AE w2 — 2
— >

and from kinematics
I

2
Y

Ro
C@=/ 47rr2dr/ du( ) r)/ “(w— v)dr.
0 0

o Typical 3-momentum transfer is O (KeV) for electrons, and O (MeV)
for nucleons.

AE
< —<
0< £ =
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Dark Matter in the Sun: Capture Rate for Const. o,

The standard case:
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Capture of Dark Matter by the Sun: g°

New !
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Evaporation and Minimum Testable Mass

e Evaporation depends on the DM distribution in the Sun. Isothermal
profile and Local thermodynamic equilibrium profile.
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Evaporation and Minimum Testable Mass

e Evaporation depends on the DM distribution in the Sun. Isothermal
profile and Local thermodynamic equilibrium profile.

Ro ve(r)
Es = / s(r)nX(r,t)47rr2dr/ f(w, r) 4nw? dw
0 0

/ R (w — v)dv .
ve(r)

s(r) = Nang(r) Nmut(r) e ("
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Evaporation and Minimum Testable Mass

e Evaporation depends on the DM distribution in the Sun. Isothermal
profile and Local thermodynamic equilibrium profile.

Ro ve(r)
Es = / s(r)nX(r,t)47rr2dr/ f(w, r) 4nw? dw
0 0

/ R (w — v)dv .
ve(r)

s(r) = Nang(r) Nmut(r) e ("
e Minimum testable mass:

E@ ( mevap) > 1

\/(CG(mevap)AQ(mevap)) v0.11 .

E@(mevap) Teq(mevap) =
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Evaporation Rate: Const.

The usual case:
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2

Evaporation Rate: g

New !
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Minimum Testable Mass

The usual case:
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The total annihilation rate
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Probes: Current SD and Sl limits from Neutrino

Telescopes

IceCube '17, SK '15
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Probes: Updated SD limits from Neutrino Telescopes
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Probes: Current Limits on Dark Matter-Electron

Interactions

Left: et al. '17, Right: Xenon100 '17
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Conclusions and Outlook

e Dark Matter annihilation in the Sun: A good test for “Particle Dark
Matter” paradigm.

e Phenomenology of Dark Matter - Electron scattering in the Sun is
interesting. Most relevant for leptophilic models. Complete study of
leptophilic models in preparation.

e Competitive limits can be placed on DM-Electron cross sections
compared to ground based experiments.
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Thank You !
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Dark Matter Distribution in the Sun : velocity

The velocity distributions of target and DM particles can be assumed to
have Maxwell-Boltzmann form with a cut-off at escape velocity. Gould and
Raffelt '90

1 m: 3/2 m,'u2
f = Slorm) 7"
(e0.7) V3 (2 T@(f)) ° ’
e /%0 O (ve(r) — w)
ve(r ve(r) _—v2(r)/Vv2(r
VA v(r) (Erf( ()) - % X(()) e v2()/VA( ))

vx (r)

’

fr(w,r)

To(r) and vy (r) = /2Ty (r)/my are the solar temperature and the thermal DM
velocity at a distance r from the center of the Sun

Dark Matter in the Sun: Theory and Probes Dark Matter Distribution in th



Dark Matter Distribution in the Sun: radial

e LTE:

A\ 372
nrre(r t) = myrreo(t) (;__EEO;>

F () dTel) | do(r)
o <_/ o) gt 4 m, 997 dr,) |
0

To(r')
e |sothermal:
e_mxd)(r)/TX

fOR® e~/ Tx 4rr2dr

Ny iso(r; t) = Ny(t)
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Dark matter distribution in the Sun: DM Effective

temperature

Without cut-off , Press and Spergel '85

Ro
E / €i(r, Ty, Tc) 4rr?dr=0,
— Jo
1

€i(r, Ty, Te) = /d3wnx,iso(r, to) fyiso(W, )

/d3u ni(r) fi(u,r)oio|w — u| (AE;) ,
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Dark matter distribution in the Sun: DM Effective

temperature

With cut-off , correction to Press and Spergel '85

Re
Z/ r TX7T)47rr dr—Z/ 6evapl(r TX,T)47Tr dr,

ve(r)
€evap,i(r, Ty, Te) = / Ny iso(r, t) Fyiso(W, 1) drw? dw
0

/ K (w — v)dv .
ve(r)

Ki(w —v) = /n,-(r)?| — u| AE; fi(u, r)d3u
v

= AER(w—v)= % (V2—W2) Ri(w — v) .

Dark Matter in the Sun: Theory and Probes Dark Matter Distribution in the Sun



Dark matter distribution in the Sun: DM Effective

temperature
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Dark matter distribution in the Sun: DM Effective

temperature
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Differential Scattering Rates |

Riw=v) = [nln

_ 2 n,-(r) * 2 ! do; —u?/u?(r)
= ﬁu?(r)/o duu /_1dc050d—v|w ule ,
RE

2
2 M4
onst (W — v) = ;

N ,‘\/;/J‘i

(w2 =2 /a2 (r
%”i(’) Ti0 [X(iaﬂwr)JrX(iﬁ—xﬁJr)em( i )] .
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Differential Scattering Rates Il
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Simplified Models for Dark Matter-Electron Interactions

e What is a simplified model ?
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Simplified Models for Dark Matter-Electron Interactions

e What is a simplified model ?

e SM extended by addition of DM and a mediator.
e Renormalisable Lagrangian which respect local SU(3) x U(1)em-
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Simplified Models for Dark Matter-Electron Interactions

e What is a simplified model ?

e SM extended by addition of DM and a mediator.
e Renormalisable Lagrangian which respect local SU(3) x U(1)em-

e Why simplified model ?
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Simplified Models for Dark Matter-Lepton Interactions

DM Mediator —Lint
Scalar (x) Scalar(¢) gXXTX¢ + I(gs + igpys)lo
Scalar (x) Fermion (n) 7(gLPL + grPR)Ix + h.c.

P _
Scalar (x) Vector (¢H) gxfau X" + Ivu(gv + vsgpv ) pF

Fermion () Scalar (¢) x(gX + iglz"Ys)X¢ + I(gs + igpys)lp

Fermion () Vector (¢H) ilu(gf/‘ + g}’YE)X¢“+
Ivu(gy + gavs)ioH

Vector (x) Scalar (¢) exuxt ¢+ Igs + igps)ld

Vector (x) Fermion (n) Nvu(8LPL + grPR)IX" + h.c.
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Example: Scalar DM and Scalar Mediator

—Line =8 X x¢ +1(gs + igp5)lep

' ! '
N, plx; K, N,y

N, pux; ku
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Example: Scalar DM and Scalar Mediator Il

—Line = &xx x0 + l(gs + igpys)Io

Model: Scalar DM - Scalar Mediator
doXxe g2 m2 2 2
Elastic scattering x — e — = X 5276 1+ a + gQL
dcos 0* 32 rm‘qt mi 4mg P4m§<
doXN 1 ges iy @
Elastic scattering x — N (2-loop) —_— = 704‘;1] 74 Z5ox XN —OF,Z?(qu
d cos 6* 4608 T m‘q‘b mi ml2
xe —2
do Nsxloﬁﬁﬁﬁ? (Iq])-
xN

Figure of merit Ren = doxN

rXe~1072 . Rop - TXN,

L4t o0 7 ? 2 20 2
FR(q)f;/de/o dl mxexp(—l —q(i—x-f—x))
2 =2
x (cosh ((1 72x)7~) ! 7((11:::;; 1o ((1 72x)7&)> .

Theory and Probes Models
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Back up: Scalar DM and Fermion mediato

Model: Scalar DM - Fermion Mediator —Lint = 7(gLPrL + grPr)Ix + h.c.

Elastic scattering x — e — =2 7 _ €
dcos 0* 647-rm$7 mi

2
2mg

2, 2)2
doX€ gl +8&r) m? 2

2, ,2)\2 2
doXN 1 & T8r) nin Q2
Elastic scattering x — N (2-loop) = al 74 ( ) N *OFZ(|‘7|)
em 2 2 2 R
dcos 0* 9216 my ms, my
Comments Note that there are more terms oc gé . g,%,

but are power suppressed in mn_ .
Fr(|ql) is the 2-photon exchange form factor.

Dark Matter in the Sun: Theory and Probes Models



Back up: Scalar DM and Vector mediator

> -
Model: Scalar DM - Vector Mediator —Lint =g XTBLL xpH + Iy (g + V58pv ) IpH

doXe g’ m 2 7 ) &
Elastic scatterin —e — = £ 1+ — | + .
& x dcos 0* Swmfb & 2m2 gpvmg
doXN &2 g2 12 5 5
Elastic scattering x — N (Lloop) ~ ~——— = == XN 2222y 9 9
d cos 6* 8 mf 2pyn(my +my)  4my
et 1 —x(1 = x)g> +m? +i0
Comments Ly = —em / dx (1 — x) Log ()%
7w Jo 12

is the 1-loop integral, p is chosen to be 100 GeV.
F(|ql) is the usual Helm form factor.
Notice that doX€ is independent of m, .

Dark Matter in the Sun: Theory and Probes

Models



Back up: Fermion DM and Scalar mediato

Model: Fermion DM - Scalar Mediator

—Line = X(gX + i gXvs)x + (gl + i g)ys)I$

Elastic scattering x — e

doX€ m?

2 2
= e (e (14 s ) + el s | +
dcos 0* 47 m‘;S 4m§ P4 mg

2 2

e <(g'g")2 i )
4 PSP 2 2
47rm¢ ms 4 mg

Elastic scattering x — N (2-loop)

N 2 2 2 2
ﬂ — L oA 74 MM&FZ(WU (g/gX)2 9 +
dcos 0* 2887 M m:s m/2 m,2 R o=s 4m,2V

2 2 2 2
1 4 _a BN PN Q) 2 I xy2 9
ag, L —— ——5- — F X

288 oM m:s ml2 ml2 wllal) (gsgp ) 4m§(

Comments

gsl = gX = 0 results in no interactions with nucleons
at all loop orders.

Dark Matter in the Sun: Theory and Probes

Models



Back up: Fermion DM and Vector mediator

—Lint = X (& + g4 v5)xPH +

Model: Fermion DM - Vector Mediator
Ty (gl + ghvs)IpH

doXxe 2
Elastic scattering x — e @ = e :14 ((g\)/(g\l/)2 + 3(&)\(&’4)2) +
m2 i 1\2 x 1 \2 7
e
gy8n)” +3(gx8 —
47rm‘;) ((v A) (A V) 4mg
Elastic scattering x — N (1-loop) ﬂ = P‘iiN 72 Fz(\q\) L2 (gxgl )2 + 3(gxg/ )2 7‘72
dcos 0% 87 m* ! vev ASY 4'77%\/

a 1 —x(1 = x)q® + m? +i0
Comments P — / dx (1 — x)Log ()# .
x Jo u?

g\’/ = gs/c = 0 results in no interactions with nucleons
Ly is the 1-loop integral, 1 is chosen to be 100 GeV.
F(|ql) is the usual Helm form factor.
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DM and Scalar mediator

Model: Vector DM - Scalar Mediator —Lint = gxux" o+ Tgs + igps)ld
doX® g 2 m: i > 4
Elastic scatterin —e _— —< 14+ — )+ g ——
& x dcos 0* 16mmt \ &5 72 2m2 & am?
¢ X e X
doXV 1, . 8fed i @,
Elastic scattering x — N (2-loop =t 72 =S IXR 2y
( ) d cos 6* 4608w ™ m‘(‘b mfc ml2 wllal)
Comments Fr(|q|) is the 2-photon exchange form factor.
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and Fermion mediator

Model: Vector DM - Fermion Mediator

—Line = Tyu(8LPL + 8rPR)IX* + h.c.

Elastic scattering x — e

deos0* 2 m2
dcos O 1671'mn ms,

doXe (gL gr)* m? <1 q2>

= T om?
2myg

Elastic scattering x — N (1-loop)

dox/ (gL8rR) a2 o m? 13N
= =R —em 22 P2(|q|) — =X

2

q 2, 2 2 2

 — —B3j(q°, m;, m
dcos 0* 167 w2 mi m%v o i)

Comments

Bo(qz, m,z, m,z) is the 2-point Passarino Veltman function.
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