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In this Talk

[F UV-complete models vs. simplified models

[A Dark Photons
IZ Primordial black holes as a DM candidate
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UV-complete Models
vs. Simplified Models
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DM in UV-complete models

lZTraditionaI approach to DM searches:

O Work in a UV-complete scenario, guided by theoretical
arguments

O For instance MSSM (minimal supersymmetric standard model)
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The MSSM
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The MSSM

Standard particles SUSY particles

Squarks 0 Sleptons 0 SUSY force
particles

~0 __ B0 70 770 770
Xi =N,B+N, W +N,H +N,,H,
taken from a slide by Are Raklev
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The MSSM

Standard particles SUSY particles

" Quarks . Leptons . F Squarks Q Sleptons 0 ggrﬁz ‘:grce
Neutralino: i 7 NilB +Ni1W +Ni3Hu+Ni4Hd

neutral fermion with
weak couplings to the SM y
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The MSSM

lZ Equal number of fermion and boson states
(not equal number of particles!)

IZ Particles and their superpartners have equal mass

O SUSY must be broken in nature

M Helps achieve Grand Unification of gauge couplings
IZ Has a DM candidate
[ Solves hierarchy problem
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The MSSM

IZ Equal number of fermion and boson states
(not eClIQ| nitmhar nf nartirlac\

lZ Particl 21 mass
O SUSY

g Helps ouplings

[ Has a |°‘1 >0

from hep-ph/9709356 :
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http://arxiv.org/abs/hep-ph/9709356

The MSSM

lZ Equal number of fermion and boson states
(not equal number of particles!)

IZ Particles and their superpartners have equal mass

O SUSY must be broken in nature

M Helps achieve Grand Unification of gauge couplings
IZ Has a DM candidate
[ Solves hierarchy problem

@ PRISMA cErn) erc




The MSSM

A Motivation through symmetry

O special relativity: physics invariant under Poincaré symmetry
o — o't = A* ot + ot

O Maximal symmetry a spacetime can have
(Coleman-Mandula theorem)

O But: can be cheated by adding anti-commuting (Grassmann)
coordinate 6 with {0,0'}=00"+0'0 =0

O Regular fields ¢p(x) are replaced by superfields ¢(x,0)

O One can always write ¢(x,0) as

p(z,0) = A(z) + V20 (x) + 0 F(z)
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Rotations , T lati
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The MSSM

A Motivation through symmetry

O special relativity: physics invariant under Poincaré symmetry
o — o't = A* ot + ot

O Maximal symmetry a spacetime can have
(Coleman-Mandula theorem)

O But: can be cheated by adding anti-commuting (Grassmann)
coordinate 6 with {0,0'}=00"+0'0 =0

Scalar field alds (p(x) are replaced b\ Fermion field P)
(e.g. squark) (e.g. quark) y

O One can alwa

A

sfwrite ©(x,0) agl’
> = Auxiliary field
(no kinetic term, can

be removed using
s Bew. equations of motion)
@ rrisma 0)l e i




Supersymmetric Dark Matter
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Supersymmetric Dark Matter

A Successful thermal freeze-out

O vyields correct DM abundance automatically
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Supersymmetric Dark Matter

A Successful thermal freeze-out

O vyields correct o

0.001

0.0001
10-%

oy —— . — .
S © o o o
S © Y < ES

—_ —
©c o

0 0 0
) ® -

Comoving Number Density
53 3 5

o
0
3

1018

1 10 100 1000
x=m/T (time -)

@ PRiSMA c\E\/@l er o




Supersymmetric Dark Matter

A Successful thermal freeze-out

O vyields correct DM abundance automatically

[ Detectable via DM-nucleon scattering
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Supersymmetric Dark Matter

(Z | | Tpsanenees from talk by Nader Mirabolfathi o
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Supersymmetric Dark Matter

A Successful thermal freeze-out

O yields correct DM abundance automatically
[ Detectable via DM-nucleon scattering

[ Detectable indirectly in cosmic rays
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Supersymmetric Dark Matter

Medium-energy
gamma rays

Leptons

Antiprotons

Supersymmetric ‘ W} 0

neutralinos
Bosons VN 2 PrOtORS

Decay process )
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Supersymmetric Dark Matter

A Successful thermal freeze-out

O yields correct DM abundance automatically
[ Detectable via DM-nucleon scattering

[ Detectable indirectly in cosmic rays
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Supersymmetric DM Annihilation

IZ ... but each process has many diagrams

ge.g. annihilation:

X q X q X X q X q
X/\\q X/s\\q X Y X v X _
(a) (b) (©) (d) ©
X q X q X q X X
LAY W _HY
A AV
T~ S S Y )

hep-ph/0510257
gcalculations have very limited applicability
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https://arxiv.org/abs/hep-ph/0510257

Enter: the simplified model

[ Extend the SM by only a minimal set of new particles

Mfor instance: fermionic DM W, new vector boson /.

L=~ > Z"flgfw+97wy’] 2" [gbmme + 9bmmn’] ¥
f=q,l,v

arxiv:1510.02110
[A relatively simple calculations

[ great for comparing experiments

[ could be the low-E limit of many UV-complete models

O but in practice, recasting simplified model constraints into
constraints on UV-complete models is often difficult



http://arxiv.org/abs/arXiv:1510.02110

Simplified DM model with a vector mediator

A Let's study fermionic DM W with mediator Z’ in detail:

L=~ > Z"fgfw+97%’] = 2" [gbame + 9bmman’] ¢
f=q,l,v

arXiv:1510.02110
[A First for the special case g = gomA = 0

(pure vector couplings)
Om

O Direct detection (heavy Z’ limit): O'(XN — XN) — 4q
TIM 7,

O Relic density (heavy Z’ limit): o(xx — qq) = |



http://arxiv.org/abs/arXiv:1510.02110

Simplified DM model with a vector mediator

O Direct detection (heavy Z’ limit):  o(xN — xN) = 4q
T 7,
- Snfmi
O Relic density (heavy Z’ limit): O'(XX — qq) = 3
T 7,

10° p—r——rrrre

10* :-///
103:—
direct detection

mou [GeV] arXiv:1510.02110
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Simplified DM model with a vector mediator

L== 3 Z"flovm+97wr] f = Z" ¢ [gpnm + gbmnr’] ¥
f=q,l,v

(Z Let’'s now include also axial vector couplings: gi¥ = g,
but gom¥ = 0. O
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Simplified DM model with a vector mediator

L=~ ) Z"flgfwu+95wy’] f—2Z" ¢ [9bmrm + gbmry’] ¥
f=q,l,v

(Z Let’'s now include also axial vector couplings: gi¥ = g,
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Simplified DM model with a vector mediator

L=~ ) Z"flgfwu+95wy’] f—2Z" ¢ [9bmrm + gbmry’] ¥
f=q,l,v

(Z Let’'s now include also axial vector couplings: gi¥ = g,

but gomV = 0. T -
s S i 1
: 1 81 8 : ! ;
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L
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o (% ‘
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Simplified DM model with a vector mediator
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Perturbative unitarity violation
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Direct Searches for the Z'’ Mediator

L=~ ) Z"flgfwu+95wy’] f—2Z" ¢ [9bmrm + gbmry’] ¥
f=q,l,v

gConsider qq — 2 = £¢, XX

2 2
_ m oy N, 4’”f V2 A\2 oy V2 A\ 2
N7z — — 1] — —= — (2 — 4
( ff) o ¢ 2 (97 )"+ (97) + ) (2(95) (97)°)

[ LHC signature: dilepton resonance at the Z’ mass

arXiv:1510.02110
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Electroweak Precision Tests

L=~ ) Z"flgfwu+95wy’] f—2Z" ¢ [9bmrm + gbmry’] ¥
f=q,l,v

IZ Non-zero giA = LH and RH SM fermions carry opposite Z' charge

lg To make the Yukawa coupling y f. H fr invariant, the SM Higgs H must
carry Z’ charge g' as well.

fZ Its vev then contributes to the Z’ mass

fZ ... and leads to mixing between Z and Z’: with the covariant
derivate D* = 0" — 11 Y B* — igot* W — ig'q' Z'*, and with
BY = —syw ZF + ey A¥
WHH = cw 2t + sy AY

we find

(D“H)T(DMH) B g’q/UQ(leSW + %QZCW)Z/MZM _ %g/q/vz\/g% —|—g%Z/“Z“
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Electroweak Precision Tests

L== 3 Z"flovm+97wr] f = Z" ¢ [gpnm + gbmnr’] ¥
f=q,l,v

IZ Non-zero giA = LH and RH SM fermions carry opposite Z' charge

g To make the Yukawa coupling y f. H fr invariant, the SM Higgs H must
carry Z’ charge g' as well.

IZ Its vev then contributes to the Z’ mass

fZ ... and leads to mixing between Z and Z’: with the covariant
derivate D* = 0" — 11 Y B* — igot* W — ig'q' Z'*, and with

SM Higgs
hypercharge: Y= 15 )

we find

(D" H)'(D,H) > ¢'q'v"
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Electroweak Precision Tests

L== 3 Z"flovm+97wr] f = Z" ¢ [gpnm + gbmnr’] ¥

f=q,l,v

IZ Non-zero giA = LH and RH SM fermions carry opposite Z' charge

g To make the Yukawa coupling y f. H fr invariant, the SM Higgs H must

carry Z’ charge g' as well.

M Its vev then contributes to the 77 mace

4 ... and leads to mixing be
derivate D* = 9" — iq1 Y B

SM Higgs
hypercharge: Y= 15 )

we find

(D" H)'(D,H) > ¢'q'v"
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Electroweak Precision Tests
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Electroweak Precision Tests

L== 3 Z"flovm+97wr] f = Z" ¢ [gpnm + gbmnr’] ¥
f=q,l,v

‘

[ Non-zero g = LH and Constrained by LEP measurements of ' charge
electroweak precision observables

IZ To make the Yukawa co (S and T parameters) liggs H must
carry Z’ charge gq' as we

IZ Its vev then contributes to the Z’ mass

IZ ... and leads to mixing between Z and Z’: with the Covaria
derivate D* = 9* — igy Y B* — igot® W™ — ig'q' Z'", and with '

BY = —syw ZF + ey A¥
WgM:CWZ'u—I—SwA'u

we find

(DFH)Y(D,H) D ¢'q'v*(g1Y sw + sgacw ) 2 ZH
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Electroweak Precision Tests
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fZ Its vev then contributes to the Z’ mass

fZ ... and leads to mixing between Z and Z’: with the covariant
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Unitarity

arXiv:
1510.02110

17
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Unitarity

l?_[ Matrix element for scattering process i — fcan be
decomposed into partial waves:

1
M;]f( ) = 327T62f/ dcos@diu,(e)/\/lif(s,cosé’)

arXiv:
1510.02110
17
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Unitarity

l?_[ Matrix element for scattering process i — fcan be
decomposed into partial waves:

d cos 0 diu’ (0) M;¢(s,cos @)

arXiv:
1510.02110

17
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Unitarity

l?_[ Matrix element for scattering process i — fcan be
decomposed into partial waves:

Wigner d-function
(generalized spherical harmonic)

arXiv:
1510.02110
17
@ PRISMA D) Here jG|u
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Unitarity

l?_f Matrix element for scattering processi- = “~~n b~
decomposed into partial waves:  ScEusing EMgle BN

Wigner d-function
(generalized spherical harmonic)

arXiv:
1510.02110

17
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Unitarity

lZ[ Matrix element for scattering process i — fcan be
decomposed into partial waves:

1
/\/l;]f( ) = 327rﬁzf/ dCOSHdiM/(H)Mif(S,COSH)

[ cf. partial wave decomposition of wave function in QM:

TH¢ S‘Yufm nm9¢)

=0 m=—/¢
arxiv:
1510.02110
Y
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Unitarity

lZ[ Matrix element for scattering process i — fcan be
decomposed into partial waves:

1
/\/l;]f( ) = 327rﬁzf/ dCOSHdiM/(H)Mif(S,COSH)

[ cf. partial wave decomposition of wave function in QM:

TH¢ S‘Yufm nm9¢)

=0 m=—/
A Optical theorem:
arxiv:
1510.02110
L
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Unitarity

(Z[ Matrix element for scattering process i — fcan be
decomposed into partial waves:

1
./\/l;]f( ) = SZWﬁZf/ dcosé’diw(e)/\/lif(s,cosé’)

[ cf. partial wave decomposition of wave function in QM:

TH¢ S‘Yufm nm9¢)

=0 m=—/¢
(Z Optical theorem:
Tm(M?)) Z’M M+ MG > (M
f#i
o . 1 -
This implies 0 < AR J - arxiv:
ol P 0 <Im(Mz) <1, [Re(M3)| < 5 1510.02110
17
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Unitarity

lZ[ Matrix element for scattering process i — fcan be
decomposed into partial waves:

1
/\/l;]f( ) = 327rﬁzf/ dCOSHdiM/(H)Mif(S,COSH)

IZ cf. partial wave decom~--"-~ " “ction in QM:
WithS=17+iT |
-~ unitarity (S7S = 7) implies:

w 87 ¢ _i(TT—T) — TTT b)

M = MU =M+ I 2 MG
f#i
o 1 "
This implies J J < arXiv:
ol Plies 0 <Im(M;) <1, [Re(Mj)] < 3 1510.02110
i L7
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Unitarity

(Z[ Matrix element for scattering process i — fcan be
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Motivation (1)
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Motivation (1)

IZ Failure to find traditional electroweak-scale DM models
motivates re-examination of low-mass region
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Motivation (1)

IZ Failure to find traditional electroweak-scale DM models
motivates re-examination of low-mass region

(Z Not probed efficiently by direct detection

nuclear recoll energies too low
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Motivation (1)

IZ Failure to find traditional electroweak-scale DM models
motivates re-examination of low-mass region

M Not probed efficiently by direct detection

nuclear recoll energies too low

[ Not probed efficiently by indirect detection

oelow energy threshold of Fermi-LAT (y), AMS-02 (e*e-), ...
below threshold for annihilation into y-rich final states (bb, T1-, ...)




Motivation (1)

IZ Failure to find traditional electroweak-scale DM models
motivates re-examination of low-mass region

(z Not probed efficiently by direct detection

nuclear recoll energies too low
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Motivation (1)

IZ Failure to find traditional electroweak-scale DM models
motivates re-examination of low-mass region

(Z Not probed efficiently by direct detection

nuclear recoll energies too low

[ Not probed efficiently by indirect detection

oelow energy threshold of Fermi-LAT (y), AMS-02 (e*e-), ...
below threshold for annihilation into y-rich final states (bb, T1-, ...)

IZ -or light mediator particles, colliders are at relative
disadvantage (cross section o ~ 1/Ecm?)
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IZ Only three possibilities for coupling a total gauge singlet
to SM particles through a renormalizable interaction

O Singlet scalar S: Higgs portal LOXNHH)STS
(typically implies ms ~ my = back at the electroweak scale)
O Singlet fermion N: Neutrino portal £ D yL(ic?H*)N

(relevant for instance for sterile neutrino DM = Christoph Weniger’s lectures)

O Singlet gauge boson B kinetic mixing £ D —3sinxFy'F},
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IZ Only three possibilities for coupling a total gauge singlet
to SM particles through a renormalizable interaction

O Singlet scalar S: Higgs portal LOXNHH)STS
(typically implies ms ~ my = back at the electroweak scale)
O Singlet fermion N: Neutrino portal £ D yL(ic?H*)N

(relevant for instance for sterile neutrino DM = Christoph Weniger’s lectures)

O Singlet gauge boson B> kinetic mixing LD —

Hypercharge (B)) ==
field strength tensor
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IZ Only three possibilities for coupling a total gauge singlet
to SM particles through a renormalizable interaction

O Singlet scalar S: Higgs portal LOXNHH)STS
(typically implies ms ~ my = back at the electroweak scale)
O Singlet fermion N: Neutrino portal £ D yL(ic?H*)N

(relevant for instance for sterile neutrino DM = Christoph Weniger’s lectures)

O Singlet gauge boson B”:  kinetic mixing LD —% sin

Hypercharge (B) ==
field strength tensor

B'u field strength tensor ‘J
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Dark Photons and Dark Matter

IZ Dark Photons could either make up the dark matter ...
[ ... or act as mediator of DM—SM couplings
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Dark Photons: Formalism

LD —5sinxFy'F),

g Remove kinetic mixing term by transformation

(BH)<1 tanx) (Bﬂ)
B, 0 secy B,

to ensure B and B’ have standard kinetic terms

(necessary for proper definition and normalization of 1-particle states)
Note: this trafo does not change the SM hypercharge couplings.

[ Electroweak symmetry breaking mixes B and W

~

A b cosf, sinf, O B,
. B . ;
y = —sinf,, cosf, O W,
L 0 0 1 B;L

see for instance arXiv:0903.1118
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https://arxiv.org/abs/0903.1118

Dark Photons: Formalism

1 - Uv 1/
LD —5sinxky F,,

. L cosf, sinf, O B,

B, B 1 —tany B, B "y 0. 0 W3
/ — ) A y = —sinf,, cosf, y
B A b Z! 0 o 1)\ B

A 6, is defined such that A is massless.

A Z and Z' have mass term of the form

. 2 _A ZH
(2
2 H H _A M2 Z/u

ol Diagonalized by rotation

Z_ - cos( —sin( ZH
Z B sin(  cos( AL

see for instance arXiv:0903.1118

AN

l

Q rrisma ) ferc JG|u



https://arxiv.org/abs/0903.1118

Dark Photons: Formalism

1 - Uv 1/
LD —5sinxky F,,

. A L cosf, sinf, O B,

B, 1 —tany B, - . 5

, = - L = —sin#,, cosf, O W,
B, 0 secy B, ~,Q 5

0 0 1 B’

Z_ - cos( —sin( ZH

Z, B sin(  cos( AL
lZCoupIings to SM currents in the new basis:
[T\ ! 0 0\ [ )

J = | —cosb, tan ysin( sin @, tan x sin ¢ + cos ¢ sec y sin ¢ JM

Z Z
\JZ,) \—Cosﬁwtanxcosg sin 6,, tan y cos ( — sin ¢ secxcos() \ J’ )

[F] Note: photon couplings unchanged (related to unbroken U(1)em)
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Dark Photon Constraints

Jupiter \‘\Earth
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https://arxiv.org/abs/1210.5081

Dark Photon Constraints
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https://arxiv.org/abs/1210.5081

Dark Photon Constraints
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Dark Photon

Constraints

Logox
|

Jupiter \‘\Earth

Modification to the 1/r
behavior of Coulomb’s law
(Cavendish-type

Coulomb ')\ || o

Cosmolog
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Dark Photon Constraints

Modification to the 1/r

0 _ «  behavior of Coulomb’s law 0
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Dark Photon Constraints

Modification to the 1/r
behavior of Coulomb’s law
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Dark Photon Constraints

0 \\‘\
I, Jupiter Earth -
] Coulomb —
-6 n —_
_ o
N Y - . Nt Sl
] -9~ mm——- —\ T =
- non—Thermal DMi -
- , i Stiickelberg DM -
_12k .' \ anisotropic ~ _" -~ _
Hidden Higgs (my,~m,) -

—-15F —

| 1 1 | | 1 1 | 1 L | 1 1 |

—15 —12 -9 -6 -3 6

LOglOmy' [eV]

@ PRiISMA

—12

—15




Dark Photon Cgasixalr

Light shining through wall
experiments
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Dark Photon
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Dark Photon

. ‘\\
Jupiters, - Earth

Logox
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Partial conversion of
CMB photons into A’

—-15

Light shining through wall
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Dark Photon Constraints
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Dark Photon Constraints

LHCb pp prompt
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Dark Photon Constraints
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Primordial Black Holes
as Dark Matter
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[ Upward fluctuations of the plasma density in the early
Universe may gravitationally collapse into black holes.

[A Criterion:
“collapse should happen faster than rebound”

O Collapse timescale: 1/(Gop)z (from R ~ GMt2/R?)
Rebound timescale: R/Csound = R/ W

where w is the equation of state parameter (p = wp)

- R > (w/Gop)*

Set R~ 1/H ~ Mpi/T2 (Hubble horizon) and use G ~ 1/Mpj2
- Op/T4 > w

O 0O O OO0
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[ Upward fluctuations of the plasma density in the early
Universe may gravitationally collapse into black holes.

[A Criterion:
“collapse should happen faster than rebound”

O Collapse timescale: 1/(Gop)z (from R ~ GMt2/R?)

O Rebound timescale: R/Csounda = R/ w7

O where w is the equation of state parameter (p = wp)

O =R>W/Gop)~

O Set R~ 1/H ~ Mp/T2 (Hubble horizon) and use G ~ 1/Mpp?
o ~{5p/T> w

e relative overdensity




PBH Parameter Space

PBH Mass [g]
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https://arxiv.org/abs/1807.11495

PBH Evaporation

[F Hawking 1974: black holes emit thermal radiation
at temperature Tgg = 1/(87Gny M)
(“Hawking radiation”)

escape of

antiparticle
A Event
Horizon
creation of \
particle-
antiparticle
Lé" pair /
— annihilation of
= / particle-
escape of antiparticle
particle pair

- Image by
SPACE Stephen Dilorio
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http://minerva.union.edu/diiorios/physics123/moreinfohawkingrad.html

PBH Evaporation

[F Hawking 1974: black holes emit thermal radiation
at temperature Tgg = 1/(87Gny M)
(“Hawking radiation”)

lZ Mass loss per unit area per unit time (Stefan Boltzmann law):

— 574
dtdA — 7 BH
[ Consequently, they eventually evaporate.
d Mg ) , 1 1
— oT4. -4 —
T T S VYW VE

0,00 0,
coce%s000°
........
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PBH Evaporation

[F Hawking 1974: black holes emit thermal radiation
at temperature Tgg = 1/(87Gny M)
(“Hawking radiation”)

lZ Mass loss per unit area per unit time (Stefan Boltzmann law):

— oTh
dtdA — 7 BH
[ Consequently, they eventually evaporate.
dt  ABHTTE T 010015 G2 M2

Stefan-Boltzmann constant: =
o = 1?/60
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PBH Evaporation

[F Hawking 1974: black holes emit thermal radiation
at temperature Tgg = 1/(87Gny M)
(“Hawking radiation”)

lZ Mass loss per unit area per unit time (Stefan Boltzmann law):

dMpy 4
= o1,
dtdA ~— 7 BH
[ Consequently, they eventually evaporate.
dMpH /o1 1
dt 210715 G% M2

Schwarzschild radius
R=2GyM

Stefan-Boltzmann constant: =
o = 1?/60
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PBH Evaporation

aMpn
dit

1 1
2107 .15 G?\,]W2

= 0Ty - ATR? =

lZSoIve this differential equation by separation of variable

Mo\ 3
t=05" 2107TG?\7M3 — 2 x 10%7 yIs X (—)
Mg

[A Conclusions:
O PBH with mass = 10-20M, have already evaporated

O Even for somewhat larger masses (up to 10-16My), their

Hawking radiation would contribute significantly to
extragalactic background light




PBH Parameter Space
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PBH Parameter Space

PBH Mass [¢]
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Extragalactic background light |
constraint on Hawking radiation
from PBH evaporation
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Gravitational Lensing
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Gravitational Lensing

[ Basic idea:
PBH intersecting our line of sight to a distant source
distorts the image of that source

@ e 0)l e:rc




www.spacetelescope.org


https://www.spacetelescope.org/videos/hubblecast70c/

www.spacetelescope.org


https://www.spacetelescope.org/videos/hubblecast70c/

Gravitational Lensing

‘ R,
R

—

Apparent position = -

nagnetS b Gravitation field

. Massive object

£l ectO

Position of source

===
‘

Apparent position

@ PRISMA




Gravitational Lensing: Formalism

IZ Starting from the Minkowski metric

1 0 0 0
o =1 0 o
=10 0 -1 0
0 0 0 -1

we add a weak gravitational potential

1+ 27 0 0 0
| o -a-%) 0 0
L I 0 —(1 - 22)
0 0 0 —(1-22)

[ Corresponding line element:

20 2P
ds® = guvdxudx’/ = (1 + _2) Adt? — (1 — _) (df)z

c c2

A Light travels along null geodesic (ds = 0):

C c based on lecture notes by Massimo Meneghetti
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http://www.ita.uni-heidelberg.de/~massimo/sub/Lectures/gl_all.pdf

Gravitational Lensing: Formalism

2B\ ., 20\ .,
(1+C—2)cdt :(1_0_2> (dT) —_

Source plane
|

A Speed of light in gravitational field

,_ld@ 1+ 25
C—F—C _gwc 1—|—C—2

C2 / g DS
[ Corresponding index of refraction Lensp.alne__’
1 2P |
/ ~ D
n=c/c = 1+2C_CQI) Nl_c_Q

[ Light travel time is increased by

O O

dl dl 2GyM AGN M
Mgy = [ Sl = [T~
s C s Cc2\JI2+¢ ¢

based on lecture notes by Massimo Meneghetti
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http://www.ita.uni-heidelberg.de/~massimo/sub/Lectures/gl_all.pdf

Gravitational Lensing: Formalism

2B\ ., 20\ .,
(1+C—2)cdt :(1_0_2> (dT) —_

Source plane
|

A Speed of light in gravitational field

,_laz 1+ % 20
CTar  Ni—z2 T c? .
[F] Corresponding index of refraction /pl

/ a4
TL_—C/C _—1 221 Nl—c—2

Observer

[ Light travel time is increased by
{ 19 /O dl 2GyM 4Gy M
i ¥ o C 2 \/12 n €2 C2

Integral from source {
to observer y

based on lecture notes by Massimo Meneghetti
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http://www.ita.uni-heidelberg.de/~massimo/sub/Lectures/gl_all.pdf

Gravitational Lensing: Formalism

20 20
(1 + —2) cdt? = (1 — —2> (dZ)?
¢ ¢ Source plane

A Speed of light in gravitational field

,ldzl 1+ % |, 20
C_dt — C 2C§)~C 02

: DS
[F] Corresponding index of refraction /p|
1 23
/ ~ D
n=c/c = 1528 ~1—C—2

Observer

A Light travel time is increased by
4 O
()] = /S dl ZGN o~ 4GNM

log 6

Integral from source {

to observer Impact parameter

(min. distance to lens)
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http://www.ita.uni-heidelberg.de/~massimo/sub/Lectures/gl_all.pdf

Gravitational Lensing: Formalism

2B\ ., 20\ .,
(1+C—2)cdt :(1_0_2> (dT) —_

Source plane
|

A Speed of light in gravitational field

,_ld@ 1+ 25
C—F—C —%—?NC 1—|—C—2

: DS
M Corresponding index of refraction /p|
, 2P ¥ L
nzc/c:le%zl—c—2 ; D
[ Light travel time is increased by Y opsereer
7S
{ 4 ©dl 2GNM
4 (0)] = > 5 o
| s €2\ /124
lensing angle

‘(_Pf ‘
Integral from source | 6 = &/Ds

to observer

Impact parameter
(min. distance to lens)
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http://www.ita.uni-heidelberg.de/~massimo/sub/Lectures/gl_all.pdf

Gravitational Lensing: Formalism

[ In addition: geometric time delay

o DL DLS
Atgeom = [c cos(f — 5) B DL] i [c cos|(0 — B)Dy/Dys| B DLS]
Dy, o Drgs (60— 5)2D%
2—(:(9 —h) 2c D%S
_DiDs,, .
=~ %D,s (0 —5)
g Overall
Dy D 0 — 732 AGNMD
Ay — PLDs (0 —58)° 4Gy LS Jou
CDLS 2 C2DLDS
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Gravitational Lensing: Formalism

4 In addition: geometric time delay ——

Source plane
|

Dy, Drs L
At eom — —D - D |
& [c cos(f — 5) L] i [C cos|(0 — 8)Dr/Drs] LS] L Dis
N &(9 _ )2 Drs (0 — 8)*D3 i
- 2c 2c D3, L
| Ds

. DLDS 2
N QCDLS (9 5) Aplane‘.

I
f

b

Observer

AGNMDyg
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Gravitational Lensing: Formalism

D;D 0 — 752 AGNMD
Ay — PLDs (0 —pB)° AGNMDrs log 0
cDij g 2 CQDLDS

IZ Light waves travelling from the source to the observer along
different paths (different 8) acquire different phase: e/wAt,

IZ Fermat’s principle: if wAt> 1, contributions with different 6 will
Interfere destructively, except at stationary points of At.

d At B Dy Dg 6% 1
B eme |68 -] Lo

IZ Leads to the lens equation:
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Gravitational Lensing: Formalism

IZ The solutions are the angular positions of the lensed images

0L = % (5i\/62+49%)

IZ We see that the Einstein angle is a measure for the angular
deviation between the lensed and (hypothetical) unlensed images.
This interpretation is exact for f = O (lens along the line of sight).

(Z One can also compute the magnification (intensity relative to the
unperturbed source) of the two images:

2
_ Yy i% with v =8/0s

SN/
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Microlensing

A For a 1 Mo lens at O(kpc) distance

(typical scale within the Milky Way):
O ~ 0.003 arcsec

M For comparison:
angular resolution of the Hubble telescope: 0.05 arcsec

IZ However: can still observe overall brightening of the source

2 2
y© + 2 1 ey Y- + 2
pt = +5 - total magnification: n= -
2u\/y2 +4 2 8 8 Y/ y? + 4

A This effect is called microlensing.

IZ Observable because of time dependence: a PBH passing in front
of a background star leads to transient magnification of that star.

() °
. e 2g00g®
........
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Microlensing

[A Observations at the 8.2 m Subaru Telescope (Hawaii)

Nilkura et al. arXiv:1701.02151
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https://arxiv.org/abs/1701.02151

Microlensing

4 In particular: Hyper Suprime-Cam
A 1.5 degree field of view (huge!)
[ 900 Megapixels

North @ INSROT_PA=0
SDO-ID (West @ INSROT_PA=90)
DET-ID ‘ Increasing direction

| T of instrument rotator

O SDO-ID=2_18 (AG CCD):

Channel 2 is not available. % IR T ;((raw)
057 0.56 0.55 054 0.53
08 H % 97 58 99 >
SDO-ID=0 XX nx 047 046 045 084 0.43
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Lensing Probability
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Observation Strategy

M Single night (7 hours of observations) sufficient

A Large field of view
m observe the whole M31 (Andromeda) galaxy at once
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Observation Strategy

A Single night (7 hours of observations) sufficient

A Repeated observations of the same patch on the sky
(90 sec observation time, 35 sec readout time)

f?_f Subtract reference image to detect transients

Observation #1 Observation #2 Difference
(including transient)

Niikura et al. arXiv:1701.02151
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Data Analysis

[ Analysis challenges
O each CCD pixel contains many stars
O central region of M31 too bright (CCDs saturated m discard)

gSeIection criteria for microlensing candidates
O At least bo detection in any of the 188 difference images
O difference image consistent with point spread function

[A Result: 15571 candidates
[A Construct light curve for each of them

Niikura et al. arXiv:1701.02151
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Data Analysis

diff. diff.-PSF
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Niikura et al. arXiv:1701.02151
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Further Selection Criteria

[A Subject the 15571 candidates to the following cuts

O Require single bump to exclude periodic stars
(m 11703 candidates left)

O Fit predicted microlensing light curve, require decent
goodness-of-fit (m 66 candidates left)

[A Visual inspection
O reject 44 candidates due to cross-talk from nearby bright star
O reject 20 additional candidates at the edges of CCDs

O reject 1 candidate due to passing asteroid

4 1 candidate left

Niikura et al. arXiv:1701.02151
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Data Analysis

diff. diff.-PSF
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Resulting Limits

Mpph [M@J
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BH EVaPOration

HSC M31 constraint (95% limit)
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Nilkura et al. arXiv:1701.02151
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Caveat 1: Wave Optics

fZOur calculations so far relied on Fermat’s principle:
if WAt> 1, contributions with different 0 will interfere

destructively, except at stationary points of At.

[A Leads to the lens equation

A What if wAt=1?

4 Need to evaluate full Fresnel integral

o /d2§‘€iwm(5ﬁ)
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Caveat 1: Wave Optics

o /dzgewm(éﬁ)

[A Can be evaluated analytically for point-like lens

- i “/? i) i| 72
F(y,Q)pn = U917/ (—7> F(l— 7) L o (- ‘ ; )

with

o 4GM(1 ZL)
— 03

2

w yEﬂ/@E

gTends to reduce magnification
(more destructive interference)
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Caveat 1: Wave Optics

o /dzgewm(éﬁ)

[A Can be evaluated analytically for point-like lens

- AN i0)2
F(y,Q)py = *H9°/2 <_@> F(

2

with

Laguerre polynomial

o 4GM(1 ZL)
— C3

2

W y = 6/0E

gTends to reduce magnification
(more destructive interference)
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Caveat 2: Finite Size of the Source

EZ[ Different points on the source are magnified differently

E Remember: total magnification in geometric optics:

o v +2
y\/y? +4

A Now need to evaluate

/q y? + 1
dy —
)\ + 4

A Tends to reduce the magnification




Effect of Wave Optics + Finite Source Size
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Effect of Wave Optics + Finite Source Size
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Femtolensing
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Femtolensing

I Gy
S

Apparent position

Gravitation field

. Massive object

Position of source

===
‘

Apparent position
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Femtolensing
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Images not resolved
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Femtolensing
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. Interference

L :
‘ between images
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expect wiggles in energy spectrum

Images not resolved
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Time Delay (Geometric Optics)

Source
Q

Observer
D, >

D >

Image: University of Manchester

Time Delay: At = 1DLDS(l + z1) (9 nl:ls w())

C DLS 2
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Time Delay (Geometric Optics)

Source
Q

O . 4
E E)Is DI
< D, >
“niversity of Manchester
Geometric Time Delay = ==

~ 1D.Ds
N C DLS

Time Delay: At
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Time Delay (Geometric Optics)

Source
Q

A — D'S D|
< D >

“niversity of Manchester
Geometric Time Delay | ==y

. 1 DD
Time Delay: At =~ =222 (1 4+ 2;)
C DLS

Lensing Potential
for point-like lens: ¥ () = 0% log 6
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Time Delay (Geometric Optics)

At = EDLDS(I + 21, (9 nl:ls ”»D(ﬁ))

C DLS 2

(Z It WAt =1, expect interference between the two images

[ Oscillatory features in magnification function
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Magnification Function

Energy E [keV] (for M=10""M_, z;=1)
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Magnification Function

Energy E [keV] (for M=10""M_, z;=1)
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Magnification Function

Energy E [keV] (for M=10"1>M  --—n
100 10! Classical geometric picture
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Katz JK Sibiryakov Xue
arXiv:1807.11495
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Magnification Function

Energy E [keV] (for M=10"1>M  --—n
100 10! Classical geometric picture
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Wave optics corrections
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Including Finite Source Size

Energy E [keV] (for M=10""M_, z;=1)
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Including Finite Source Size

Energy E [keV] (for M=10""M_, z;=1)
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Requires Source Properties

A How to realize wAt =17

At

_ DyDs[(0-B)® 4GyMDis,
N cDijg 2 CQDLDS ©

4
~ Gy M — 2 % 107 ° sec %
C2 M@

or, equivalently

1
— ~ 0.3 MeV(

1016 M,
At

M

MSatisfied for instance for gamma rays
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Possible Source: Gamma Ray Bursts (GRBSs)

i Brightest electromagnetic events in the Universe
O Can be observed far, far away (~ Gpc, z ~ few)
O large probability of finding a lens in between

[ Duration: ~100 ms to tens of seconds

(Zf Proposed mechanisms

O Supernova explosion of massive star
(long GRB, duration = 2 sec)

O Binary neutron star merger
(short GRB, duration s 2 sec)

Q rrisma ) erc
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Crashing neutron stars can make gamma-ray burst jets

Neutron stars

Masses: 1.5 suns
Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins

7.4 milliseconds

13.8 milliseconds

Black hole forms
Mass: 2.9 suns
Horizon diameter: 5.6 miles (9 km)

fet’élik; =,
,; = magnetlc ﬁeld

15.3 milliseconds

21.2 milliseconds

26.5 milliseconds

Credit: NASAJAEI/ZIB/M. Koppitz and L. Rezzolla




GRB Observations

Fermi Gamma Ray Burst Monitor

Fermi Satellite
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GRB Observations

GBM Specifications & Performance

Quantity GBM (Minimum Spec.)
Energy Range <10 keV - > 25 MeV
Field of View all sky not

occulted by the Earth
Energy Resolution <10%
Deadtime per Event <15 us
Burst Sensitivity 2 <0.5cm™2 s
Alert GRB Location 3 ~15°
Final GRB Location4 ~3°

11-0,0.1-1MeV

2 50 - 300 keV

3 Calculated on-board; 1 second burst of 10 photons cm 2 g-1 , 50 - 300 keV

4 Final ground computed locations; 1 second burst of 10 photons cm~2 s-1, 50 - 300 keV
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GRB Caveats

(ZfTo constrain the PBH density using (non-)observation of
femtolensing, we need to know the distance to the GRB

O Requires optical counterpart
O Only ~20 GRBs with known distance so far

[F] Wave optics effects
[A Finite size of GRB source
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Sensitivity Estimates
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Sensitivity Estimates
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Sensitivity Estimates
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Sensitivity Estimates
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Sensitivity Estimates
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GRB size
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Finite Size of GRB Sources

MY production in GRBs: Katz JK Sibiryakov Xue, arXiv:1807.11495
O e*, e- acceleration in relativistic shock waves

lZVariabiIity time scale in rest frame for source size as:
tyar ~ as/c
IZ Relativistic boost v:
tyar ~ (1 + zg) (1 — %COS Hobs)fyag/c
[ Observation angle Bops ~ 1/y
[ Observed tvar = 0.01 sec (short GRB); = 0.1 sec (long GRB)

1011 CcCIm Uyvar v
as = X 0
1+ zg 0.03 sec 100
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Finite Size of GRB Sources: Caveats

[F Some GRBs with shorter variability time scale tvar = 10-3 sec

O tiar distribution could have a long tail = use tail for femtolensing
[ Intrinsic variability might be too fast to be resolved

IZ Conservative estimate: require optical depth T < 1:

ds \?2 f500 v\ A
> 1.8 x 10° ( ) ( )(—) |
s 8 7Gpc 10—3sec—lem—2keV 1/ \1000 -

A Assumptions:

O Power law spectrum with o« = =2

O Thomson scattering (non-relativistic in rest frame of ejecta)
O Target e*, e~ from pair production by y rays

O ..

Katz JK Sibiryakov Xue, arXiv:1807.11495
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PBH Parameter Space
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PBH Parameter Space

PHB fraction QPBH/QDM

. No limits
PB in this mass range
10% - : 1036
- contrary to previous claims .
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arXiv:1807.11495
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Other PBH Limits

JG|U



PBH Parameter Space

PBH Mass [g]
1024 1028 1032 1036

MACHO/
EROS/OGLE

PHB fraction QPBH/QDM

Subaru HSC
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Assuming o-like PBH mass distribution
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PBH Parameter Space

Ali-Haimoud Kamionkowski arXiv:1612.05644

PBH Mass [g]
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PBH Parameter Space

PBH Mass [g]
1024 1028 1032 1036

MACHO/
EROS/OGLE

PHB fraction QPBH/QDM

Subaru HSC

10 10 10¥ 1022 10 10° 10° 10% 102 10° 102
PBH Mass [M |

Assuming o-like PBH mass distribution
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PBH Parameter Space

Brandt arXiv:1605.03665

PBH Mass [g]
1024 1028 1032

.................................................................................................................................

MACHO/
EROS/OGLE

1B fraction QPBH/QDM

Disruption of clusters of stars

In faint dwarf galaxies:
compact clusters of stars would be
disrupted by gravitational transfer of
Kinetic energy from massive PBHSs.

102
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PBH Parameter Space

PBH Mass [g]
1024 1028 1032 1036

MACHO/
EROS/OGLE

PHB fraction QPBH/QDM

Subaru HSC

10 10 10¥ 1022 10 10° 10° 10% 102 10° 102
PBH Mass [M |

Assuming o-like PBH mass distribution
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PBH Parameter Space

Graham Rajendran Veral arXiv:1505.04444

10212BH Mass [g]

10%8 1032 1036

MACHO/

102} | —_— —_— i ~ Explosions of White Dwarfs: |

: : : ' - A PBH passing through a WD star can

~—— locally heat up the star, leading to a

; ; : ~ thermonuclear explosion (similar to

0T 10T 10T 102 1o Type laSN). The observed mass =z

distribution of (unexploded) WDs can
be used to set constraints. )

Assuming o-like PBH mass distribution

PHB fraction QPBH/QDM
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Summary
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[ Electroweak Scale Dark Matter

O The field has moved from UV-complete models to simplified
models and EFT.

lZ Dark Photons

O generically appears in low-scale (= GeV) DM models
O potpourri of constraints

IZ Primordial Black Holes

O interesting DM candidate that doesn’t require new particles
O interesting astrophysical constraints
O but lots of open parameter space
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Thank You !
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