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Les Houches Summer School on Dark Matter

Lecturers

Anne Green (Nottingham) DM in cosmology

Joshua Ruderman (NYU) DM Production

Tracy Slatyer (MIT) DM Indirect Detection: from KeV to multi TeV

Philip Harris (MIT) DM at accelerators

Igor Irastorza (Zaragoza) Axion Dark Matter (including theory and experiments)
Jonathan Feng (UC Irvine) Standard WIMPs

Jody Cooley (SMU Texas) Direct Detection of classical WIMPs

Joachim Brod (Cincinnati) DM Effective Field Theories

Justin Khoury (U Penn) Modified gravity for DM and alternatives to particle DM
Clare Burrage (Nottingham) Connection between DM and DE and extended gravity
Bernard Carr (Queen Mary London) and Florian Kiihnel (LMU Munich) Primordial Black Holes as DM candidates
Lam Hui (Columbia) 'Fuzzy' ultralight Dark Matter

Surjeet Rajendran (JHU) New avenues in experimental searches for DM

Yonit Hochberg (Hebrew U Jerusalem) SIMPs

Tongyan Lin (UCSD) Sub-GeV Dark Matter

Joachim Kopp (CERN) Sterile Neutrinos

Jim Cline (McGill) Dark atoms, composite dark states

o 3 weeks of lectures

e DM approached from several sides
e [heory & phenomenology:
e Particle DM
e Primordial Black Holes
e Modified gravity
e [EXxperimental techniques and present constraints
e (Cosmology and astrophysics
e Direct Detection
e [ndirect Detection

Production at Colliders
New future research strategies

e | will focus on particle DM
e Start from Ruderman lectures => overview of production mechanisms for wide range of DM candidates
e Some example of present constraints mainly from DD and ID
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The Dark Matter problem

According to the latest CMB measurements by Planck experiment, DM accounts for about 27 %
of the Universe mass-energy.

e Several astrophysical and cosmological evidences, all related to it's gravitational interactions bl
with ordinary matter

¢ No evidence of non-gravitational interactions observed so far:
» it's nature is still largely unknown
» Several possible candidates in a wide mass range Dark Energy
» Need complementary approaches to DM detection
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Dark Sector Candidates, Anomalies, and Search Techniques
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Knowns and unknowns

What we know about (particle) Dark Matter

And what we don’t know

e not a SM particle e \What kind of particle”? Onle one or more particles?
® massive (gravitational interactions) e \WVhich mass”
e “weakly” interacting with SM particles and long-lived e How does interact with the SM particles
e cold (according to standard cosmological model) e How much “cold” is it"?
e |t's abundance today is: Qh? ~ 0.12 e How was it produced?
DM abundance Q. = p./p. with p_ the critical density, i.e.
Q h? ~ 0.12 (from Plank) i S the total energy density for k=0
n th( )mY =>m,Y, 6 =0.44 eV H2
y =2 _x = T \peh2 ) T po=—0 . 1.05x1075h? GeV/cm?
£ s ms 871Gy
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Building a DM model satisfying abundance today

J. Ruderman lectures

e Different models depending on:

e Nonzero DM abundance in early Universe and sulbsequent depletion (freeze out) or
smal/zero abundance in early universe and production from thermal bath (freeze-in)

e |nteractions dominating DM depletion/production

e |nitial conditions) and interactions enforcing equillbrium

e Symmetric or asymmetric DM

e (One single new state or hidden sector? x = m/T
e Building a model satisfying DM abundance today _ 1 d(na>) |
e DM density at the end of (FO) or before (FI) equilibrium can be described < N+ 3Hn = 3 dt 0 Inert particles
3
by Boltzman equation with C[f] the collision operator A + 3Hn = 5 Jd_pC[f] interacting particles
- 273 ) E
e Examples: o — o Gd — xx W — ¢ Xp -y

Qo : _ 2 .
Annihilating DM 1 + 3Hn = SM decay into DM i + 3Hn = +
o Detailed balance at eq: (n}%)* < ov >, = nf;')2 <oV >4y

X (n,) <, >=(Mn)<l, >

m Solving Boltzman equation and comparing with observed relic density, can derive sclaes of < ov > or < Fw > and m,
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Thermal relic: single state

J. Ruderman lectures

DM starts in kinetical and chemical equilibrium

cy ey xs _ . . 2 2
2 — 2 annihilations: yy — ¢¢ n+ 3Hn = — N, <ov>,+n,<ov>,
| L a |
¢ € SM (WIVP) <oV s G 1TV ngNaw\/Tequl ~ TeV
' eq " 'p X
| | 1 ag
¢ € BSMwith  m, < m, (hidden sector). . <ov>~ M. ~ m,~ ad\/Tequl ~ ay4l/a, X TeV
eq " 'p X =
nd \ 2 a2
m, > m,, (forbidden sector) <ov>, = <n_};> <ov>,, g~ 2om/T mi m,, ~ e 2™ Tro g, \/TequI < TeV
X Yd :

(¢ and y singlet under SM gauge group, but
charged under new dark gauge group)

' From detailed balance, starting from inverse process

et e : _ 3 2 2

3 — 2 annihilations: yyy — yy (SIMP) nh+ 3Hn = — n, <ov” >3, +n, <ov>,
2

. . 2 A4 5 1/3
e Possible only for bosonic DM <ovi >~ — m, ~ ad(Tequl) ~ ay X GeV
e [orbidden if DM is charged under Z» my
but consistent with Zz symmetry
i : 12 eq
Semi-annihilation: yy — y¢ n,+3Hn,=—-n,<ov>,k NNy <OV >y
1 aZ
e.g. Z3 symmetry <ovV>~ M. ~ F ~ 1TeV m, ~ aw\/Tequ| ~ TeV

eq " 'p X
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Thermal relic: multiple states

J. Ruderman lectures

Multiple new states, all charged under a given symmetry that forbid their decay into other particles, but not among the y; states
1

, Co-annihilation: y; — x_;¢, with m,>m, N+ 3Hn = — < oV > ¢ (n2 — (n9)2) <OV > = —
n. n'd  n™ P!
If the inverse process and scatterings with thermal bath particle are rapid => — = e/“‘i_”i;eq = ;eq => N Boltzman equations simplified to same as WIMP
n: n. n.
: _ _ €9 ~E] /2 J
case, with n = Z nand < 6V > ¢ = Z (niqnjq/neq) < oyv > ) )

e Several possible éoenarios depending on dlgminant annihilation channels. It annihilations dominated by heavier states, fimilar to forbidden sector => light DM
—(m,—m )/T
e ¥ ¢ FO

) T - : — €q eq —
Co-scattering: y¢p — y¢ withm, < m, and ¢ € SM||BSM n + 3Hn = NNy <OV >4 +n,n, <ov>,, <OV >g M.
eq "'p
e (Co-annihilation and co-scattering complementary: the one that decouples first is dominant process for DM production, the other one enforces chemical
equilibrium

Asymmetric DM

S Ng — N3
e Asymmetry between DM particle and anti-particle, potentially same origin as baryonic asymmetry Qbh2 ~ = ( ho—z) < B B ) my, ~ 0.022
e Asymmetry might arise for same processes independently, or be propagated from baryonic to dark matter Pe >
S n,— N
- £, Qh2~ = —2 Y 2 )m ~0.12
. [|Fbaryon and DM masses are same order, baryon and DM abundances are similar as well => O ~ 5 X p.h=2 S P
e But most asymmetric DM models do not relate baryonic and dark matter asymmetries b
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Thermal relic: dark temperature

J. Ruderman lectures

o If DM in kinetic equilibrium with SM plasma, Dark temperature Tq is equal to T},. What if T4 # T}, (dm-SM coupling small enough)?

e T[hetwo tempera"ures can evolve independently and the total entropy of each sector is separately conserved at equilibrium
3 d 1/3
S g*S T g«
. gzﬂ . —Const:>r=Ty/Td=f1/3( D;)
Sd g*sT 83
e Impact on relic density: Q h? = (€2 hz)r_ rFO => DM In a cooler dark sector requires smaller annihilation rate to reproduce relic
density, in a hotter dark sector it requires larger annihilation rate

e (Cannibalism: 3 — 2 annihilations: — | L .
AXX = XX “As the Universe expand, DM cannibalizes itself to
e |f there are no non-relativistic states

keep warm?”
e Assuming DS dominates by lightest state and p; = 0 ¢
*MT3 1/3 T o g
£ = SSM 5% r =T T, =& &1 (my/T,)6e~m/CTo _y 7
* Sy g1(m1/Td)5/2Tge_m1/Td g*SM Td X 1/(|Og a)
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UV dominated if F)(/ H maximized at high
temperatures, IR dominated otherwise

Fleebly Interacting Massive Particles (FIMP)

J. Ruderman lectures

n eq
Freeze-in: v — y¢ with yin thermal eq. (IR) n+3Hn=<T, > <n§,q — T){neq> ~n@ <, > forn, < <mn/’truefor smal
ned ¥ W W .
74 initial abundance and DM far
e All particles in initial state in thermal equilibrium from eq)
o Thermally averaged decay rate: < T, > ~ (m/2DL, (T >m)
I, (T <K m)
| dY, <I,> ~ |
. Boltzman equation => oz x ~ Y - with Y)( = nw/ S, X = mw/T, H = Hif g« constant,
Yed r 173 (T > m) . .
_¥ v Dominant production for T ~ m
H <l),>« { e~™T (T <K< m) P v

2
n
Pandemic: transmission yy — yy, y notateq, (UVY) n+3Hn=<ov >, (n)(necl — neq) ~nnd <ov >, forn, < <n(true for

14 n&9 v A4 X
yw € thermal bath o smalll initial abundance
and DM far from eQ)
. " dx Nyt <oV >y 5
. Solving the Boltzman equation => Y, ~ Y exp - => exponential growth with n,,! < ov >, /H rate
X
Jo
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Fleebly Interacting Massive Particles (FIMP)

J. Ruderman lectures

SuperWIMP: v — yX with DM production mainly after s thermal decoupling (IR)

Rapid yw — ¢¢, froze out after y becomes non-relativistic => n,, < ov > ~ H

e Y initially in thermal equilibrium, decay rate far slower than H => Fv/ ~ H

. _ wvFO _ 2 S0 B So My 2
o Considering Y, =Y~ => Q h* = ( )mex = ( )mew = —=(Q h")ro

pch=2 pch=2 m,

e This contribution should be sum to Fl one: some DM produced by Flwhen T ~ m
decays to DM

y» SOMe after y annihilation decoupling and y/

Sterile neutrinos

e Neutrino state g which couples to active neutrinos v, through Yukawa coupling with Higgs Relic density can be resonantly

L . . . . enhanced in presence of large
e Mixing between sterile and active neutrinos => v, — v, y. It mixing angle small enough lepton asymmetry in early

e good DM candidate (long lived) Universe
o Kinetically and chemically decoupled from SM => FIMP
e Assuming O initial abundance => production by oscillations from thermal neutrinos (Dodelson-Widrow)

yrs . o - m? | o sen?20\ ~°
[', ~ GgT7sin“(20) sin“(260) ~ => relic density if m ~ 3.4 keV X
: (M/2 + cGZET>)? 108
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Misalighement (axions)

J. Ruderman lectures

e Scalar DM field produced with large occupation number => classical field in FRW metric Homogeneity => ¢ = ¢(t)
e Klein-Gordon equation of motion : Inflation. => p(0) = ¢
¢+ 3Hp = — V()

V. T) ~ 1/2 mfb T =>. qb + 3Hgb ~ 0 At high temperatures (H(T) > m¢(T)) => ) constant (Hubble friction)

e Misalignement: production of scalar field, with nonzero initial field value (¢)«) seeded by inflation

o Hubble friction => ¢ = ¢ as long as H(T) > m ,(T)
o When H(T:) = m,(T+) = m. => start of ¢ oscillation

A2
Assuming H < m » and using time-averages: W = < P¢ >/ < Pp > = ~ 0 => acts as DM (fluid of NR particle)
° | | 2m(2/5A2
- <py> 5 my <py> |
Evolution in time: = — 3— 4 => a~ = const => n¢/ s = const => particle DM

0 3/4 Of2

S mn S : m

Relic density: Q ;h? = . 77 .39 I 02 ” if the initial amplitude is Ax = G,f
’ pch=2) s pch=2) gss (M) 2M3f2
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Direct Detection

J. Cooley lectures

e Especially targeting WIMP(like) DM 0.02
¢ |nteraction of WIMP “wind” with detectors. I\/Iainly two signatures: 8 0.015 ]
e WIMP-nucleon (/electron) scattering = 00t ® __rwo
e Modulati S —— DAMA/LIBRA result
O U a IOn E q) 0005_ ...........
c < —e— ANAIS-112 best fit
2-6 keV - O ob——- I I
> 9% = ; — DAMATLIBRA- pH‘isel(104tbnxvr) ; = 1 | $ 1 DAMVIIBRAphase2[(L13 fonxyf) — — O = 7 1o sensitivity
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E MJW\ ml PN ﬁ\ /h\ m /\ m ﬂ/b.x TM&T /{x R N S~ 001 exposure 3-%
2 \t“’ w. \;f \yrl\/ \,4 w DR NN S P y
'% oo :_ o i A i n‘? o L E 0015 30 sensitivity
| exposure 3.0y
-0.06 BE— 4c;Ioo B . :5o|ooi ': B souoo B ;7o|oo= : EE— 8.2190 Idl » -0.02
e () [1-6] keV [2-6] keV
(a) DAMA/LIBRA Annual Modulation
1-6 keV Figure 29: The ANAIS best-fit modulation amplitude result compared with
> M ; _ DAMA/LIBRA-phas2 ~250 kg _(1.13 tonxyr) ; — the DAMA/LIBRA best-fit result for both recoil energy ranges considered by
< 004 | | | | | | DAMA/LIBRA. Figure from Ref. [41].
< 002 [ | | | 5 ’ | i
3 .
2 0
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F —0.04 [ |
=2 % TR N AN TV IO AT PV IS AU DU N A Figure 27: Results from the DAMA/LIBRA Experiment. (Top) The full 14-cycle
| 0250 6900 6750 /000 /230 /500 /790 8000 - 8250 DAMA/LIBRA annual modulation result, after subtracting flat background contribu-
Time (day) . . . . . .
tions. This analysis uses a higher energy threshold in the range of 2 —6 keV of recoil
(b) LIBRA-only Annual Modulation energy. (B.ottom). The LIBR}.\-only results allowing for a lower-energy threshold of
1 —6 keV in recoil energy. Figures extracted from [39].
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Indirect detection

T. Slatyer lectures

e Mainly detecting DM annihilation signals
¢ “Nightmare” scenario: asymmetric DM and co-annihilation
o Different strategies:

¢ Radio & Microwave: synchrotron radiation from weak-scale DM
annihilation products

e X-ray: sterile neutrino

e (Gamma-rays: high energy lines or continuum, WIMP annihilation,
heavy DM (>> TeV) decay and annihilation

e Cosmic ray: WIMP annihilation. In particular positron and antiproton
channels

e Neutrino telescopes: heavy DM annihilation and decay

e CMB & Lyman-a: light (sub GeV) DM
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Indirect detection

T. Slatyer lectures

o \WIMP annihilation limits from y ray

e From dwarf galaxies: main contraints from Fermi telescope
VERITAS, MAGIC, HAWC and H.E.S.S dominate limits from Ferm
for DM masses well above 1 TeV

e gamma rays from galactic centre

e gamma ray line enhanced if there are charged particles of about
same mass as DM, especially if long-range force couples 2-particle
DM to 2-charged particle states (WINO)
e \WIMP annihilation limits from cosmic rays
e Positrons => leptonic annihilation
e Antiprotons => hadronic annihilation

¢ Radio measurements can be sensitive up to 500 GeV DM mass
e Heavy DM from gamma-ray and neutrino: annihilation or decay

e | ight DM : dominated by cosmological constraints

e Fermi angular resolution degrade below GeV and 100 MeV scale
cannot decay into hadronic channels => suppress photon signals

e |low-E e deflected by solar wind => limit lepton channel constraint
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Figure 7: Upper bounds on the cross section for DM annihilation to yy, from Fermi
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area is a theoretical forecast for the natural scale of the line cross-section. Figure
reproduced from Ref. [94]; see that work for details.




Indirect detection

T. Slatyer lectures

o \WIMP annihilation limits from y ray

e From dwarf galaxies: main contraints from Fermi telescope |
VERITAS, MAGIC, HAWC and H.E.S.S dominate limits from Fermi " [ romiar

[ solid: AMS-02 (this work) _ — AGMAPT F o WiWoizz

for DM masses well above 1 TeV o eystematic uncertainty

Bergstrom et al. (2013 —
. 4 et ( 10 23 -

TII] L T T1TIIT]

1074 local DM uncertainty
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e gamma rays from galactic centre

10—25;_ _
e gamma ray line enhanced if there are charged particles of about : :
same mass as DM, especially if long-range force couples 2-particle

DM to 2-charged particle states (WINO)

(ov)
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o \WIMP annihilation limits from cosmic rays m, [GeV]

® I — . NI .
Positrons => Iepton IC annihilation Figure 6: Limits from AMS-02 data on DM annihilation to (left) leptonic channels and

e Antiprotons => hadronic annihilation (right) hadronic channels. In the left panel, dashed lines indicate bounds from Fermi
. o observations of dwarf galaxies; the dotted portions of the solid constraint curves
¢ Radio measurements can be sensitive up to 500 GeV DM mass from AMS-02 are potentially affected by solar modulation effects. The hatched band
around the e*e™ constraint line indicates the estimated uncertainty due to systematic
° Heavy DM from gamma-ray and neutrino: annihilation or decay uncertainties in the local DM density and energy loss rate. In the right panel, the
different colored lines represent the nominal constraint from antiproton observations
: : : : : for different hadronic final states, and the blue bands denote systematic uncertainties

° ’
ng ht DM : dominated DY Cosmolog ical constraints in the limit for annihilation to W and Z bosons. Reproduced from Ref. [95] (left panel)

e Fermi angular resolution degrade below GeV and 100 MeV scale and Ref. [96] (right panel).

cannot decay into hadronic channels => suppress photon signals

e |low-E e deflected by solar wind => limit lepton channel constraint

Federica Piazza




Indirect detection

T. Slatyer lectures

o \WIMP annihilation limits from y ray

e From dwarf galaxies: main contraints from Fermi telescope
VERITAS, MAGIC, HAWC and H.E.S.S dominate limits from Ferm
for DM masses well above 1 TeV

e gamma rays from galactic centre

e gamma ray line enhanced if there are charged particles of about
same mass as DM, especially if long-range force couples 2-particle
DM to 2-charged particle states (WINO)

e \WIMP annihilation limits from cosmic rays
e Positrons => leptonic annihilation
e Antiprotons => hadronic annihilation
¢ Radio measurements can be sensitive up to 500 GeV DM mass

e Heavy DM from gamma-ray and neutrino: annihilation or decay

e | ight DM : dominated by cosmological constraints

e Fermi angular resolution degrade below GeV and 100 MeV scale
cannot decay into hadronic channels => suppress photon signals

e |ow-E e deflected

oy solar wind => limit lepton channel constraint
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Figure 10: Left panel: neutrino (thick curves) and cascade gamma-ray (thin curves)
constraints on the annihilation cross section of very heavy DM. The shaded region is
determined by taking the more stringent of the nedtrino and gamma-ray bounds, for
the least constrained of the three channels. Reprdduced from Ref. [115]. Right panel:

e sample channel of annihilation to T
leptons, using observations of the Galactic Center. Reproduced from Ref. [116].

updated limits for masses below 100 TeV for

Sufficiently high-energy photons
can pair produce via interactions
with the interstellar radiation field,
producing an electron-photon
cascade that results in a spectrum
of gamma rays at lower energies
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Figure 11: Lower bounds on the decay lifetime for DM decaying to b quarks.
The red line is determined by Ref. [56] using Fermi data; gray lines with num-
bers denote existing bounds using data from Fermi (2,3,5), AMS-02 (1,4), and
PAO/KASCADE/CASAMIA (6). The hashed green (blue) region suggests parame-
ter space where DM decay may provide a ~ 30 improvement to the description of
the combined maximum likelihood IceCube neutrino flux. The red dotted line pro-
vides a limit if a combination of DM decay and astrophysical sources are responsible
for the observed high-energy neutrinos. Reproduced from Ref. [56].




Indirect detection

T. Slatyer lectures

o \WIMP annihilation limits from y ray

e From dwarf galaxies: main contraints from Fermi telescope
VERITAS, MAGIC, HAWC and H.E.S.S dominate limits from Ferm
for DM masses well above 1 TeV

e gamma rays from galactic centre
e gamma ray line enhanced if there are charged particles of about

same mass as DM, especially if long-range force couples 2-particle

DM to 2-charged particle states (WINO)

e \WIMP annihilation limits from cosmic rays

e Positrons => leptonic annihilation

e Antiprotons => hadronic annihilation
¢ Radio measurements can be sensitive up to 500 GeV DM mass

e Heavy DM from gamma-ray and neutrino: annihilation or decay

e Light DM : dominated

e [Fermi angular reso
cannot decay into

e |ow-E e deflected
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0y cosmological constraints

ution degrade below GeV and 100 MeV scale
nadronic channels => suppress photon signals

oy solar wind => limit lepton channel constraint
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Figure 13: Selected bounds on the DM decay lifetime (left panel) and annihilation
cross section (right panel) for annihilation/decay to e*e”. The blue and red lines
and orange bands represent constraints derived from the Lyman-a forest under var-
ious assumptions for the astrophysical background; the black dashed line indicates
the CMB bound (driven primarily by excess early ionization); the pink dotted line
indicates limits on low-energy cosmic rays from Voyager I; green-dashed and purple
dot-dashed lines indicate limits from X-ray and gamma-ray telescopes. Reproduced
from Ref. [71]; see that work for further details.
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Figure 12: Selected bounds on the DM decay lifetime (left panel) and annihilation
cross section (right panel) for annihilation/decay to yy, using data from the NuSTAR
X-ray telescope, the CMB, and the INTEGRAL and COMPTEL gamma-ray telescopes.
Reproduced from Ref. [119]; see that work for further details. A compilation of

bounds at lower/higher masses can be found in Ref. [120].




Sterile neutrinos detection

J. Copp lectures

e (onstraints from searches for x-ray emission in regions of
high DM density (Galactic Center, galaxy clusters, etc.)

e |n 2014, XMM-Newton X-Ray telescope data => unidentified
X-ray line near 3.55 keV. Might be hint radiative decay of a 7
keV sterile neutrino => hypothesis not completely ruled out
yet

Figure 1: Constraints on sterile neutrino dark matter. Figure taken from [8]. The colored
and gray regions show limits from X-ray searches, while the medium gray region on the
left labeled “MW Satellite Counts” is based on structure formation arguments [9]. The
region labeled “BBN Limit (Resonant Production)” is disfavored by BBN constraints on
the lepton asymmetry if the latter is invoked to enhance sterile neutrino production. The
red dot with an error bar indicates the parameters corresponding to the sterile neutrino
explanation of the 3.5keV line [10] [T1].
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Figure 7: Reproduced from [16]. Left: Dark photon parameter space for fixed gauge
group, dark coupling and dark pion mass, showing how different regions realize
different DM mechanisms. Right: Constraints on the parameter space (shaded gray)
and future probes (solid colored curves).
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Sub GeV DM & hidden sector prospects

T. Lin lectures

Sub GeV range gives access to hidden sector: important focus on
dark photon searches (either as DM itself or as interaction mediator)

: : : eV keV MeV GeV TeV
Dark Sector Candidates, Anomalies, and Search Techniques ’ | | ‘ |
>
zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30Mg ’ ‘ l
< I I I I I I I ' 1 1 I 1 1 I 1 1 I 1 1 { 1 1 I b)) | > X . .
| | | | | | | ey Ty rt LA B\ Absorptnon ' DM-?lectrog scattgrmg DM-Nucleus scat?ermg
< > E : Electronic recoil Electronic recoil Nuclear recoil
QCD Axion WIMPs
L = P Hidden sector Dark Matter and others Standard WIMP
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes - > < -
— = = |
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM > ¢ B neutrin0s
<> <€ > , _ _
Post-Inflationary Axion Asymmetric DM | neacton el oS
<€ >
Freeze-In DM «
— <
SIMPs / ELDERS <
* < L
Beryllium-8 SuperConductors Superfluid He Semiconductors Noble Liquids
M Edelweiss, SuperCDMS, DAMIC, ... XENONI10/100/nT,LUX LZ, ...
uon g-2
<>
Small-Scale Structure . . . . .
p . o> Figure 1: A logarithmic plot of possible masses for dark matter particles, as well as
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing general techniques and speciﬁc experiments iIl various ranges that have are. or Wlll
J J
< } } I { } } | } — { — : — } — | — : X I > attempt to constrain dark matter in that region. In thesen lectures, the focus is on
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Atomic systems lonizations with

g~ am, ~4keV,AE ~ a*m, ~ 10eV

Sub GeV DM & hidden sector prospects

T. Lin lectures

Molecular SyStemS Excitations and ionizations with

g~1—-10keV,AE ~ 1-10eV

Vibrational modes with Bond breaking with
AE~0.1-1eV,q <10 -100keV AE 2 10eV,q 2 100 keV

Condensed matter systems

e Sub GeV range gives access to hidden sector: important focus on
dark photon searches (either as DM itself or as interaction mediator)

Excitations with g < 10keV,AE < 10eV

Vibrational modes with AE $ 026V, ¢ < 10— 100kev  MePhonon B B;';g :{ff‘:;g oo key
. . . < >
e | ight DM searches mainly based on DM-electron scattering, and keV MeV GeV
phonon excitations Dark matter mass

Figure 2: For various bound systems, we indicate some possible excitation modes in the
system, some typical (q,w ~ AFE) where they give a large response, and the corresponding
range of DM masses which are well-matched to that system. Blue shaded boxes indicate

electronic excitations, while orange shaded boxes indicate modes that can be excited by
a DM-nucleus coupling.

e Some sensitivity also from DM-nucleon scattering

107 e 1097 e

! massless mediator : massive mediator :
: o ' . Figure 7: Reach to DM-electron cross section in different solid state targets for scattering
i \ N '("("z.r,a,'“ 107 ¢ through a heavy mediator (left) and light mediator (right), assuming kg-year exposure
10737 | : i and zero background. Diamond (C) gives an example of a somewhat high gap target
"‘ 10-39 | Egap = 5.5 €V; the reach shown is from Ref. [44]. Si and Ge have O(eV) gaps and have
' been studied extensively as target materials. The reach for Ge with a massless mediator
N : S and Si in both cases is from Ref. |[42|. For Ge and a massive mediator, the reach shown is
S 1079k ‘ S 10740 L from Ref. [45]; for DM masses above ~ 20 MeV, the reach is dominated by the excitation
o n, of semi-core electrons. For sub-MeV DM, lower gap materials are needed and we show

“ projections for an example Dirac material from Ref. [46] and for Al from Refs. [42]43].
1072 F In the left plot, the thick blue line is the predicted cross section if all of the relic DM
1074 F is produced by freeze-in interactions [8}30] and the shaded regions are constraints from
ZrTe.. A = 11.75 meV Si 10-42 _ AL 10 meV < w < 10 eV Ge _ stellar emission [7,47|. In the right plot, the thick blue lines are cross sections for freeze-out
—— AL 10meV <w < 10 eV — Ge  ——— AL 100 meV < w < 10 eV C of scalar DM or asymmetric DM, and the shaded region shows combined direct detection
—=— Al 100 meV < w < 10 eV C [ —— Si ' bounds (solid grey) and model-dependent accelerator bounds when the dark photon mass
10~ —43 | ‘). el 1. el - el 1 RN | - i ) 10—43 1 R | - R | 1 e - e ) is mar = 37nX (ha.tched grey) 48' AH bOllIldS and relic density lines assume a da.rk phOtOIl
1073 107~ 10~ 10 10 10° 10 10~ 10 10 10° 10 mediator.
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Atomic systems lonizations with
g~ am, ~4keV,AE ~ a*m, ~ 10eV

Freeze-out models: detection

T. Lin lectures

Molecular SyStemS Excitations and ionizations with

g~1—-10keV,AE ~ 1-10eV

Vibrational modes with Bond breaking with
AE~0.1-1eV,q <10 -100keV AE 2 10eV,q 2 100 keV

Condensed matter systems

e Sub GeV range gives access to hidden sector: important focus on Exctations with g 5 10keV, AE < 106V
dark photon searches (either as DM itself or as interaction mediator)

Vibrational modes with AE $ 026V, ¢ < 10— 100kev  MePhonon B B;';g :{ff‘:;g oo key
. . . < >
e | ight DM searches mainly based on DM-electron scattering, and keV MeV GeV
phonon excitations Dark matter mass

o . Figure 2: For various bound systems, we indicate some possible excitation modes in the
® Some S@ﬂSlthlty a|SO frOm DM-ﬂUCleon Scatterlﬂg system, some typical (q,w ~ AFE) where they give a large response, and the corresponding
range of DM masses which are well-matched to that system. Blue shaded boxes indicate

electronic excitations, while orange shaded boxes indicate modes that can be excited by
a DM-nucleus coupling.

10-36 | masl“?slesls dari{ phloton medliator | | |
!I | FI e Ze- iU
|
-
10-38 | |'l il Figure 13: Cross section for 3 events/kg-year for single optical phonon excitations in
I various polar materials, and assuming a massless dark photon mediator. For this mediator,
é s the convention in the literature is to show projections in terms of the DM-electron cross
T‘ 10740 - - section 0, even when the scattering is into phonons. This is for easier comparison with
experiments searching for DM-electron scattering, which can probe the same model; in
particular, the different faint lines in this plot are the various projections for DM-electron
107 i} scattering proposals shown in Fig. [7l The thick blue line is the predicted cross section if
GaAs = 5iC all of the relic DM is produced by freeze-in interactions [8,30] and the shaded regions are
— AlO3 s 510 . .. =t
y | : constraints from stellar emission [7,/47].
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Freeze-out models: detection

T. Lin lectures

Atomic systems lonizations with
g~ am, ~4keV,AE ~ a*m, ~ 10eV

Molecular systems Excitations and ionizations with

g~1—-10keV,AE ~ 1-10eV

Vibrational modes with Bond breaking with
AE~0.1-1¢V,q$10-100keV  AE 2 10eV,q 32 100keV
Condensed matter systems
Sub GeV range gives access to hidden sector: important focus on Excitations with ¢ S 10keV, AE < 10V
dark photon searches (either as DM itself or as interaction mediator) . e
Vibrational modes with AE < 0.2¢V,q 5 10— 100kev " 7Ebenen AE > 100y o o keV
2 10eV.q 2 100ke
: . . < >
Light DM searches mainly based on DM-electron scattering, and keV MeV GeV
phonon excitations Dark matter mass
Figure 2: For various bound systems, we indicate some possible excitation modes in the

Some sensitivity also from DM-nucleon scattering

system, some typical (q,w ~ AFE) where they give a large response, and the corresponding

range of DM masses which are well-matched to that system. Blue shaded boxes indicate

aslectronic excitations, while orange shaded boxes indicate modes that can be excited b
; g y

a DM-nucleus coupling.
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10-42 | \ w> 1 meV %% Figure 12: Reproduced from Ref. [63]. Sensitivity of a SiC target to DM-nucleon inter-
) o = N\ ge o actions mediated by an massive mediator. Results are shown assuming kg-year exposure
—_— — — \ YA nbhe - . . .
2H 6H = \\:_7——(:’ and zero background and for scattering into acoustic phonons (w > meV) and for scat-
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Axions: detection

|. l[rastorza lectures

e Detection techniques:

| SW (ALPS-Il): magnetic field to convert photons in axions and
pack into photons

|ay| (GeV™H)
<

ViS6TINS

Polarization experiments (PVLAS): photon-axion oscillation in
the presence of the external B-field => depletion + phase-delay
(birefringence) of polarization component of laser that is parallel

Horizontal

to the B-field (dichroism) 10~ o N

Haloscopes (ADMX; RADED; ORPHEUS): high quality factor Q | [laxo . ' :

microwave cavity inside magnetic field, where Q can be of ¥ [

order 10.. Primakow conversion of the axion to photon 1 | / - g 3

enhanced by factor Q if the resonant frequency of the cavity 1 e LA Es A
matches that of the axion field => resulting photons appear as |

an excited mode of the cavity

Solar axions helioscopes (CAST, IAXO, BabylAXO): conversion 1

of the solar axions back to photons in a strong laboratory o8l . o

magnet. The resulting photons keep the same energy as the 107%107° 107° 107* 107* 10° 10 10% 10° 10°
incoming axions ma (eV)

DM radios: measurement of tiny OSCI”&tIﬂQ B-field associateo Figure 4: Overall panorama of current bounds (solid areas) and future prospects (semi-

with the axion dark matter field in an external constant transparent areas or dashed lines) in the g,,-m, plane. See explanation in the text and
magnetic field reference [2] for details on the different lines
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