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1.

Plan for 3 lectures

Introduction. The need for new physics. Types of particle dark
matter. Portals to new Physics. Phenomenology of particle dark
matter in broad strokes.

Freeze-in dark matter. Laboratory searches of dark matter and

mediator particles. Light dark sectors. Axions.

Search for DM 1n laboratory experiments. Beam experiments
(colliders, beam dumps, intensity frontier). Direct detection efforts
underground. Blind spots for direct detection.



DM classification

At some early cosmological epoch of hot Universe, with temperature
T >> DM mass, the abundance of these particles relative to a species of
SM (e.g. photons) was

Normal: Sizable interaction rates ensure thermal equilibrium, Npw/N,=1.
Stability of particles on the scale #,,;,.,.. 1s required. Freeze-out calculation gives the
required annihilation cross section for DM --> SM of order ~ 1 pbn, which points
towards weak scale. These are WIMPs. Asymmetric DM is also in this category.

Very small: Very tiny interaction rates (e.g. 10°1° couplings from WIMPs). Never in
thermal equilibrium. Populated by thermal leakage of SM fields with sub-Hubble rate
(freeze-in) or by decays of parent WIMPs. [Gravitinos, sterile neutrinos, and other
“feeble” creatures — call them superweakly interacting MPs]|

Huge. Almost non-interacting light, m< eV, particles with huge occupation numbers
of lowest momentum states, e.g. Np,/N,~10°. “Super-cool DM”. Must be bosonic.
Axions, or other very light scalar fields — call them super-cold DM.



Freeze-in (i.e. superweakly interacting DM)

Initial abundance 1s negligible. Thermal production 1s small at all times
I'sm>pw/H(T ~m) << 1.
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Freeze-in dark matter

* Tiniest couplings needed, so that I'p,/H(T ~m) << 1.

—

* Tiny couplings means that lifetime can be >> T {13615, and stability
is not an issue. Both SM = y and SM =2 y y may be acceptable.

 Masses below MeV are Oka ay — 1o constraints from the BBN,
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Oscillation freeze-in for sterile neutrinos

* Constraints from N = vy, 1705.01837 Abazajian review.
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”Plain” DW mechanism seems to be ruled out.




“Simplified model” for dark sector

(Okun’, Holdom,...)

€ 1
L= £¢,A + LX,A’ — iFﬁva/fw + Qm%)?

1

Loya= _ZF,EV + @[’Vu(iau —eA,) — myl
1 / — . / /
Lyoar = =7(FL)" + Xu(i0, — g'AL) = myx,

A —photon, A’ — “dark photon”,
. - an electron, y - a DM state,
’ ‘ g’ —a “dark” charge

X

= “Effective” charge of the “dark sector” particle y1sQ=¢ X ¢
(if momentum scale @ > my ). At g < my one can say that
particle y has a non-vanishing EM charge radius, > ~ 6em;;’

" Dark photon can “communicate” interaction between SM and
dark matter. It represents a simple example of BSM physics.



Freeze-in example

Simple estimates
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Freeze-in example

Superweakly interacting massive particles. An example.

€ 1
L = L%D,A + EX,A/ — §F“VFIIW + —mi/(AL)Q.

2
1 - .
Lypa= _Zqu + [0, — eAy) — myly
1 .
Ly = _Z(F;/w)2 + X[V (40, — g/A;L) — my|X;

Let us take for simplicity, My, photon 20, and m, < mpy, < m , and
consider electron + positron = DM.

fif 2d3p1 d3p2d3p3d3p4
(27T> 1224E1 E2E3E4

I'= Z ’M|2(27T>45(4)(p1 + P2 — p3 — pa) X

spin

After a long and tedious but otherwise trivial calculation we get,

2472 )
dr = f.f, 2876 B\EydE dEyds x T where a = a= agy * &
T -—
2 2 2 . . .
_ O hh, BidBds 2 1 4m This 1s number of particles

2m? 35 S emitted per volume per time
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Freeze-in example
) ©” P 1 <My <n,

Continued e+ s = 2 =
Approximating f; ~ exp(—E;/T) ;we get -

) 2\ 1/ 2 = &
r— T / dSX\/gKl(\/g/T)<1_4ﬂ> 2m + S ; : z'
3 X 213 [ 2 A — \ 5 %/9%
where s is the usual Mandelstam parameter. /l/ﬂ’g‘u% /zcz
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Finally, the function /(m/T) that enters here is given by
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Freeze-in example

Continued

Numerically, we get

Mx+x Cm* , o
— 9 4.16 C =
S ><S(T:m)H(T:m) X[,__L 3 x 2n

We need to adjust € to get the correct abundance. Observed abundance

s gvenby oy _ 2T (TS gl —24 L2x213x2) = 2
Tix _ xrx % PO e 108 « 1OMeV’
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Equating this, we get m-independent answer for a required value of ¢

e~1.96 x 1071,
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Intensity frontier

Mass vs coupling for WIMPs and super-WIMPs

S

Log(coupling)
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10 access not-so-heavy and very weakly coupled dark
sectors, we need intensity frontier experiments



Take away points
Important points about WIMPs:

 abundance + BBN forces WIMPs into few MeV — 10 TeV windows,
while requiring 1pbn x ¢ annihilation cross section.

* ~5 GeV and up 1s constrained directly, most precisely by a suite of
dual Xe TPC experiments. DM signal 1s very model-dependent.
WIMPs are not 1n trouble.

* Models with light mediators can have WIMPs much lighter that Lee-
Weinberg benchmark. This is interesting experimentally.

Important points about super-WIMPs (freeze-in DM):
* Mass can be even 1n a wider range. Couplings to SM 1s even smaller.

* Small couplings can mean suppression of decay rates. Quasi-stability
often follows from here.

« @Given a model, it is easy to calculate required coupling, often ~ 10-!1
St —




Light bosonic dark matter
( /4/@ < e[/)

Initial abundance 1s large and “frozen”. Evolution of the field starts at
H(T) ~my. -

q—




Scalar field equation in the expanding bkgr

1 1
5 / T3 [59“”8@8”@5 —jmiasﬂ
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Analogous to harmoric oscillator eq in the presence of t-dep viscosity.



Scalar field equation in the expanding bkgr

Expectation: little motion of ¢ at early times, damped oscillations at
late time. We expect energy density
1, . 1

po=(0)" = L = (0)* + 5m3e” o R(t)™

Example: choose m = 0.1, and radiation domination, H = 1/(2t)
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Scalar field equation in the expanding bkgr

Initial motion of ¢ in the m; << H epoch 1s quickly damped. ¢ = const at
early times 1s justified.

106,

-
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Analogous to harmonic oscillator eq in the presence of t-dep viscosity.
This 1s a very universal behavior, except that axions a “little different”



Constraint on the mass of non-interacting
scalar

Non-interacting scalar field 1s not allowed to carry more energy density
than pp),,.

oo (f G L

A

If the scale of inflation was maximal, no non-interacting massive scalar

fields with my > eV are allowed.




Strong CP probleml

Energy of QCD vacuum depends on #-angle:

_ 1 _
B(8) = — Pm.(qg) + O )
— V

where (gq) is the quark vacuum condensate and m, is the re-

duced quark mass, m, = ”ﬁmdd In CP-odd channel,

om,

d, ~ e 0 ~0-(6x107") ecm
2 had |

Strong CP problem = naturalness problem = Why |0] < 107

—~ (0
— /0

when it could have been § ~ O(1)? 6 can keep "memory” of

CP violation at Planck scale and beyond. Suggested solutions

e Minimal solution m, = 0 « apparently can be ruled out
by the chiral theory analysis of other hadronic (CP-even)
observables.

e O = 0 by construction, requiring either exact P or CP at high
energies + their spontaneous breaking. Tightly constrained
scenario.

e Axion, 0 = a(x)/ fy» relaxes to £ = 0, eliminating theta
term. a(x) 1s a very light field. Not found so far.

20



Why axion abundance is different from free
scalar field?

Free scalar field, m 1s fixed. Dark matter energy density can be
saturated 1f

¢3m(1b/ * ~ const

l S

Axion is different, as qgbar condensate = 0 at high T,

) 1012 Gev

7/6
Q.h% ~ 0.12 ( Ja ) (02— )
~

~
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“Additional” effects with QCD axions
* There 1s non-zero interaction yith the SM 9
4w Is G' Gi
7o Bam O D
* Mass of axions is “soft”, induced by QCD effects, and 1s not
“constant” at very early times.

1 m,m 2 M., M
2 u d — 2 T u d 12
me ~ 0lgq|0)| =m mgy = 5.691(51)ueV(10°“GeV

Due to the non-zero interactions, there can be a significant energy
drain in astrophysical objects — which sets the lower bound on f,.

—

* There 1s “expected” cosmological energy density, subject to <a>,...
} >

 There 1s a thermalized component that behaves as radiation
pEEESS———el - L ———




Derivation of axion mass

Starting point: fundamental QCD and New Physics Effective Lagrangians

L, = —myuu — mydd + (— = 9) G“ G’“

L e ST

Perform a chiral rotation that removes GGdual term, and creates y; mass terms

e fuy
0. 0 WMy = —=
U — exp{i775}u; d — exp{i;d%}d < m, “ony
i My T -
0, = 0; 0= 0; 0,+0,=
U mgq
2 <pe> °
1, 5o My — Mg, —
L4 — —myuiu — mgdd + 9 m., (T + dd) + (9 My (Tu dd)
L_/_/—J My + My
—m*H(uz%u + divysd)
L )

Read off the axion mass by putting quark condensates qqgbar to their vacuum

expectation value. 23



Connection to axial U(1) problem

* There are multiple derivations of the the axion mass (aka topological

susceptibility) result. The simplest one 1s using chiral transformation
to “move” theta term 1n front of the quark mass.

_ 1 _ 1 Y
Ly — —myuu — mgdd + 1(92771* (uu + dd) + R

4 My + My 7 /
. e <O/

Pole diagram will exactly cancel axion mass if Q- ©

the mass of eta-prime were = 0 in the chiral limit. = 2

m« 1s the reduced quark mass, m,m (m,+m ). The expectation value o
the second term over the vacuum here 1s the vacuum energy dependence
on the theta angle (and upon the rescaling the axion mass squared.)

We assume that U(1) problem is solved somehow, and the mass of the

singlet is lifted. Otherwise, pole diagram with the singlet will cancel
theta dependence. 24



Axion (ALP) parameter space
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From 2021 Snowmass study, 2203.14923. Lots of efforts, but real

progress so far is with well-established techniques (magnetized SC RF
cavities)



Energy loss to axions
Well researched topic, see e.g. G. Rafflet, hﬁ:@@90347_2/

Let us make a simple estimate of the expected emission of axions from
the Sun, requiring that 1t takes less than a few % of the total Solar
luminosity. E.g. L., <L

axion neutrino®




Axion as dark radiation

The model:
CL ~

1
Leverything — £SM+grav7jty =+ ['z'nflatz'on + §(a,ua)2 =+ ﬁF,UJVFIUJ/

Axion scattering rate vs Hubble expansion

The earlier axion decouples, the less N,y it caries.

27



axion as dark radiation

Contributions to N, from one axion:

mgqleV mqleV

10! 1072 1073
| |

DFSZ
ma =~ 5 x 103 GeV

nq(Tj) =0
T; 2% 107 GeV
=10% GeV

SN1987A

—  =5x10*Gev
—  =3x10*Gev

Lol Lol PN N

107 108 109 1010
f./GeV
e
From D’Eramo 2022 7 .

If /, 1s very large, and axions decouple early, the contribution to Dark
Radiation 1s small, N~ 0(0.01)

28



Axions in “direct detection”

Most recent results of Xenon N-ton experiment, translated to axion
constraints

25 1077 g
- KS\]Z

[I-Xepued
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* XenonlT excess 1s not there, background rate 1s ~5 times smaller
* Best constraints on axion coupling to electrons (model-dependent)

* Still subdominant to stellar energy loss bounds, and improvement 1s
difficult, as signal ~ (coupling)*.
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Oscillation freeze-in for dark photons

* A-> A’ oscillations. Matter suppressed in m 4. is small.

10714,
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Freeze-in calculations require ¢~ 10-!!
for 100 keV mass dark photon

Freeze-1n option for A DM 1s
excluded by the combination of direct
Xe searches, gamma background, and
stellar energy losses.

Condensate type A’ DM 1s fine.



Take away points for light bosonic DM

Spectator free scalar field obeys dumped oscillator equation. No
evolution at early time, dumped oscillations at late time.

2 2 Rstart ’ ~ A2 T ’
7 ( R(t) ) =% (Tstart)

P¢ Pe R(t> -~ ( Pe ) v Tstart
start

— X ~
Prad Prad start Rstart Prad T

Certain combinations of ¢, and m are excluded 1t p, > oy, but right
at the boundary such scalar field can indeed be dark matter.

Axions are special, as their mass 1s not constant in the early Universe.

Strong CP problem/axion mass 1s intimately related to a U(1) 4
problem of particle physics. Mass = 0 in the early Universe.

Axions are already strongly constrained by the stellar energy loss.

Hope for direct detection 1s based on axion-photon-photon coupling.






33



34



35



Fluctuating pseudoscalar driven by inflation
The model:

1
Leverything — ESM—Fgrcwity =+ Linflation + §(a,ua)2 + ﬁFuyF,uV

[Can be viewed as a generic consequence of two QCD axions. ]

Massless field a receives [random, Gaussian, nearly flat-spectrum]
fluctuations during inflation, oa~ H,,/(2 7).

Rotation of polarization plane after travelling from point 1 to point 2 1s
ap — az

T
(EE) — (BB): (TB) = (EB) = 0

The measure of the r.m.s. angular rotation 1s oa~ H,,/(27f,) Log z .,



CMB polarization. E and B modes
(Kamionkowski, Stebbins, Kosowsky; Seljak, Zaldarriaga, 1997...)

P=VS+curl V

.

E-mode B-mode

Polarization 1s generated by quadrupole temperature anisotropy, and
scalar perturbations are capable of generating only the E-modes.

E-mode B-mode
UL =) -
— N 4 /
LN | 7S
| [l PN N
Nt T D

Scalar perturbations [of Newtonian potential] can only generate E-mode
. . . 7
but perturbations of the full metric tensor [grav waves] can also give B!



Propagation of CMB from the LSS

=

Surface of Last Scattering

with chaotic pseudoscalar
profile t=t; g, @y gg IS
given by inflation.

t:ttodaya atoday:O y

o\ _

Polarization of arriving to us CMB photons is randomly rotated by
A\V(n) — ALss(n) :aLss(n) /fa Since fa > 1011 GeV 1s a mild
constraint, H ~ 10! GeV or below can gencrate BB

O «
-



Numerical Results and comparison with experiment
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Green: EE; Red: BB with ¢, =0.004; Dark blue: BB from
gravity waves with r=0.14; light blue: BB lensing background
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Particle beam searches of Dark Sectors

Initial abundance 1s negligible. Thermal production 1s small at all times
I'sm>pw/H(T ~m) << 1.



Light particles change c(E)

Light particles induced interactions do not benefit from going to large
energies the same way as e.g. interactions from heavy particles

p
A cross section o< couplings X 5 © 55
Logo @+ 5

Heavy mediator
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High ntensity 1s a key to probe light particles with small couplings
(FIPs)
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How to explore Dark sectors in experiment?

Exotic things: light DM vy, light mediators V

p,€ . Standard mesons: w7, K*,.. Vv

Options:

Neutrino detector

1. Exotic particles are “metastable”, decay to SM 1nside the detector

— b=
2. Exotic particles are ”stable”, but can scatter on SM particles

3. Exotic particles exchange can modify neutrino scattering.

T
42
C



4. There 1s of course also a possibility of active-sterile oscillation

»

V Sterile state

\4

5. Combination of all of the above: e.g. Sterile neutrinos can have
’secret interactions”, and also scatter off SM particles, or the
oscillation pattern can change.

Additional possibilities with particle beams

6. Missing energy/momentum. (In a collision where particles are
sent on target 1-by-1, one can detect abnormal energy loss.
Same for e.g. particle colliders.)
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