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DM is a mysterious form of matter that makes up approximately 25% of all matter in the universe.
Unlike ordinary matter, it does not emit, absorb, or reflect light, making it completely invisible to telescopes.

Its presence is inferred solely through its gravitational effects



Types of Evidence for Dark Matter

Small-Scale Evidence Large-Scale Evidence
» Galaxy Rotation Curves: « Cosmic Microwave Background:
Stars orbit faster than visible Temperature fluctuations reveal
mass predicts DM's role
 Gravitational Lensing: « Large-Scale Structure:
Deflection of light by unseen Galaxy distribution shaped by
mass in galaxies dark matter gravity

« Galaxy Cluster Dynamics: Mass
Inferred from cluster movements exceeds
visible mass
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Peak Structure in the Angular Power Spectrum of the CMB: Y "’
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Fields Particles Macroscopic objects

MaSS SCa|e Ultra—light 4_ thermal
scalars : Vy = relics PBHs
of DM:
10°° kg
i weak scale Planck scale Asterord mass Solar mas:
WIMP

Composite DM

Q-balls and nuggets
with mass overlap near
heavier particle
candidates

Light DM

Dark sectors, sterile
neutrinos overlapping
with ultralight range

Ultralight DM

Non-thermal bosonic Primordial BHs

fields from ~107%2 eV

10741 eV <M < 1037 kg
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Possible Spin Values of Dark Matter Candidates

Dark matter's spin remains unknown but influences interactions and detection. - L g

Spin-%2 (Fermions)
Examples: Sterile Neutrinos

Spin-0 (Scalar Particles)

Examples: Axions

Spin-1 or Higher
(Vector/Tensor Particles)

Examples: Hypothetical Bosons
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What We Know About Dark Matter S ? <)
- - . | e’ ' " 3’} =t ' ?}
» Dark matter must be cold or only mildly warm to enable cosmic structure formation. ray

Its particles have negligible or zero electric charge.

Direct detection experiments impose stringent
limits on its interaction strength.

Dark matter particles interact weakly with
both themselves and ordinary matter.

These particles must remain stable over
cosmic timescales.
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Theoretical Models of Dark Matter Do\vk MaHer search s-l-mk.gi%

WIMPs Divect Method
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A6 Mater (DM)
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Light scalar particles from symmetry breaking

Sterile Neutrinos Indivect Method

Hypothetical fermions mixing with neutrinos

=
Light Dark Matter R

Low-mass dark sector particles DM Vv Y ik g
Ultralight Fields Sw P

Non-thermal bosonic fields with tiny mass

R

_ Earth

Composite Models

Bound states like Q-balls or dark nuggets Produ C«'Ho n 3
Primordial Black Holes ok He, L”SQ’ MYO'\ Collidex

Black holes formed in the early universe
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Cosmic Microwave Background Radiation
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First Particles ot VA i, Antigravity Today
Neutrons First Nuclei First Light Dark Ages Gravity Universe Universe
Inflation Protons, Dark Helium First Atoms |} Clumps of Stars and Expansion Continues to Galaxies
Quarks Form Matter form Hydrogen form - Form 'y Matter Form GCalaxies Form Accelerates Expand Break Apart

years years years years
10 0.01 0.01 - 200 380.000 380.000 301‘0 10 1i3.8
million billion billion

Present Day

0.1 - trillionth 1 - billionth 0.0009 0.9 0.1 0.77
Grapefruit present size present size present size present size present size present size present size



Cosmic Microwave Background Radiation . @

»
The CMB is a snapshot of the universe about 380,000 years after the Big Bang, when "= % 7 <)
photons decoupled from matter. < ,i’z> »

Key Properties of the Cosmic Microwave Background

BICEP2 B-mode signal

i T e o
P e - RS RS - S

Ve - -
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Blackbody Spectrum: Uniformity: Slight Anisotropies: Polarization Pattern:
Perfect Planck spectrum Nearly uniform temperature at Minute temperature variations Light polarization patterns
matching predictions 2.7 K across the sky revealing early structure giving insights on inflation

The CMB isn't just a snapshot of the early universe — it's a cosmic laboratory.
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CMB Polarization: A Window into New Physics » ;‘ ’;;, a
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The polarization of the Cosmic Microwave Background (CMB) is a powerful observational %, ,’3» » '
tool, capable of providing indirect evidence of physics beyond the Standard Model (SM). >

In the framework of the SM of particle physics and standard cosmology:

Linear polarization is generated during recombination via Thomson scattering of photons with free electrons.
+ Only linear polarization in the form of E-mode patterns is predicted to arise from scalar (density) perturbations.

G B-mode polarization is not generated by scalar perturbations. It requires tensor modes (primordial
gravitational waves) or lensing of E-modes — or new physics.

® Circular polarization (Stokes V) is not produced at any significant level — the SM contains no known
mechanism for generating circular polarization in the CMB.

Cosmic birefringence is another powerful observational signature, creating new cross-correlations E B
s that are not allowed in the SM.
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CMB Birefringence: A New Probe of Fundamental Physics "y '\';.,,_;

-
A )
 Birefringence is the phenomenon where the polarization of light rotates as it passes e S 7 ' <Y
through a medium with different refractive indices for different polarizations. »,’3> » ]

p 7

¢ Anisotropic materials: Materials whose optical properties depend on the direction of light propagation
and polarization.

1 When linearly polarized light enters a birefringent material, the electric field vector E of the
Incoming wave must be expressed in terms of the eigenmodes (or natural polarization states)
that the medium supports:

Ein :EHéH +F e

larized
—] extraordinary beam ﬁ;ht
uniaxial calcile crystal

£, $ | The o-ray and e-ray travel at ““H\ |
different speeds (since ( n, # n,)) T
linearly polarized / ordinary beam o el

Gaussian wave

birefringant
material

B 2md

A¢ 3

(e — 10)

Hence, the polarization is modified.
D |2
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Extending this idea to cosmology: 5 3
s ’, ) ,

Instead of a birefringent material, space itself—or rather, the vacuum—can act like a
birefringent medium under certain exotic physical conditions.

In cosmology, we consider a cosmic birefringence, where the plane of polarization of CMB

photons rotates due to interactions with new physics — such as axion-like particles or violations
of fundamental symmetries — during their journey across the universe, similar to how it would

In a birefringent crystal.
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Stokes parameters: VO )
% .,? 3)/? ]
> Consider a nearly monochromatic plane electromagnetic wave propogating in the z-direction >3
E.(t) = ¢e.(t) cos(wt — ;) E,(t) = €4(t) cos(wt — J,),
» Stokes parameters are defined as the following time averages:
I=1Io+1Ig = (2) + (e)),
Polarization fraction:
Q=1Iy— Iy = {e2) — <532/>7
VQ:+U2+ V2
U=1_45— 1,45 = (2e6,c08(0; — dy)), P = 7

V = ILC’P — IRC’P = <25w5y Sin(&,; — 5y)>
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¢ The parameters | and \/ are physical observables independent of the coordinate system.

¢ The parameters Q and U depend on the coordinate system.

I

(e2) + (&) = €35,

Q= () — <€§> — e2 cos 2 cos 21,

i

U = (2e,6,c08(8, — 6,)) = €5 cos 2 sin 22},

V = (2e,6,5in(d, — 6,)) = €5 sin 2x,

D ]
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» It is useful to introduce two scalar quantities E(n) and B(n) definedas  , & ' D,

?
i, 1 "
l—|—2' 2 = 9 h'}‘.

) X :
m Ym 9 G ?
| 2)' _ ap | [ (n) o= ’3) /» ‘
1 > 7
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)

E(n) = %[5 (Q+1iU)+8%*(Q —iU)| = Z E
Im L
(
(

112
aB.Im }flm(n)

[5 (Q+iU) —8*(Q —iU)] =)

Im L

where 5

0 :f(0,¢) = — sin®(0) [ 0 + i csc(f) — 93

[ sin-*(6) 76,0

B .1(6,6) = — sin *(6) | 57 — icse(6) 5 | sin*(6) LS(6,9)

« The Stokes parameters Q and U are transformed into E-mode (even-parity, gradient-like) and B-mode
(odd-parity, curl-like) components using spin-weighted spherical harmonics:

(Q x£iU)(n) = Z a;> 1Yo (R)
Im

1 1
Ey,, = 2 (a’ﬁm + afn%,) Bym = E (a%m o a’ffnz)
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v'E mode: Polarization directions parallel or perpendicular to the wave vector.

v'B mode: Polarization directions 45 degree with the respect to the wave vector.
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«* If there are physical effects that cause a rotation in the polarization plane of CMB photons as tneyr D
>
propagate through space, then this rotation alters the Stokes parameters Q and U as follows, %

’ 7 wY
(Q +£iU) = (Q +iU)eT4 B 3’ 3 ]
¢ This transformation mixes the two fundamental modes of CMB polarization, the E- and B-modes:
E' = Ecos(2a) — Bsin(2a)
B' = Bcos(2a) + Esin(2a)
s If the primordial B-modes are very small or zero, a nonzero a will induce B-modes from existing E-
modes.
@ SM does not contain any known mechanism that can produce this kind of vacuum-induced
polarization rotation.
*: If we detect a nonzero «, it would be a compelling indication of new physics beyond
>l the Standard Model.”
e ﬂl“o\
*:'g(,, "y;@ 1 ‘\, n\ }/‘(
¢ The latest reported value for the rotation angle of the CMB polarization is vk U ¢ g’?
aﬁ 3 /,_, L

@D 1)) a = 0.34210007 deg  (3.60) S
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Observational Signatures via TB and EB Spectra: ahad 9

» ¥ a
 The CMB sky can be thought of as a random field of fluctuations in temperature and Ty )7 D
polarization across different directions. >y ‘g, »
» ’l'

“* Observations show that the temperature fluctuations follow a Gaussian (normal) distribution. 2

¢ This means the entire statistical behavior can be described by just the mean and the variance.

¢ Variance measures the spread of temperature values around the mean:
2 T 2
0" = {((T'=T)7)

*»* For a Gaussian field like the CMB, variance contains most of the statistical information.
+* However, we need more than one variance value to understand different scales.

CMB fluctuations occur on various angular scales:
— Large scales (low multipole {): broad patterns

— Small scales (high {): fine structures
We need a tool that describes how fluctuations vary with angular size.
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 The CMB power spectrum gquantifies temperature and polarization anisotropies in the CMB, a’s a I @ﬁ

function of angular scale. » N v
"s ° “
« It describes how temperature (or polarization) fluctuations vary with scale across the sky. fg: < Y

> 7
« The power spectrum C; tells us how much variance (or "'power"") exists at each angular scale I.

d In order to understand how to get to the CMB power spectrum from our computed quantities, let
us first recall the definition of the spherical harmonics transform of the CMB temperature field,

AT(A) =) am Yem()

£m l
spherical harmonics

coefficients
direction on the sky spherical harmonics

L Because of the physical coherence, the temperature at point A on the sky tells us something
about the temperature at point B-This correlation is captured mathematically by the two-point
correlation function:

(AT(2)AT(7))

GD 2] Cy = <‘a£m‘2> - <a€ma>£m>
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Peaks in the power spectrum reflect acoustic
oscillations in the early plasma.
The height and position of these peaks tell us about:
— Total matter and baryon density
— Dark matter and dark energy content
— Geometry and curvature of the Universe
Comparison with theory allows precision cosmology.
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v C]": temperature auto-correlation 10 }Mawom e
ACTPol (2016) Ty
v' C]*: temperature-E-mode cross-correlation e gfé’gﬁégggéﬁéw "'r;
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v €18, cpP : cross-correlations involving B-modes S
107 Lensing BB ]
N/ pari : : o wil L T _
Parity Symmetry and Expectations Without Birefringence 20 80 230 400 650 1000 1500 2250 3000 4000 500G

Multipole ¢
» E-modes are parity-even: they don’t change sign under spatial inversion.

» B-modes are parity-odd: they do change sign.
% Under parity conservation, the cross-correlations €72 , CF® must vanish:
C/%=0, C°=

GD [ This Is because a parity-even field (like E or T) cannot correlate with a parity-odd field
wmemsmen——— (|1ke B) unless parity is broken.
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» Cosmic birefringence induces a small rotation « in the polarization direction as CMB =~ & % D
photons travel through space. This rotates the Q and U parameters and leads to: » ’?"

ol - B
* Mixing of E- and B-modes. ’ ,’3*'3 |

 Creation of new non-zero TB and EB spectra, even if there were no primordial B-modes!

C}P = C}¥sin(20)

1
Cc;P = 5 (C/F — CPP) sin(4a)

% 10~3 Stacked observed E'B power spectrum

]

INT R a = 0.342700% deg  (3.60)

1

2
1
E——

)

(

2

Cosmic birefringence
——— Miscalibration angle
wwwms - Best-fit total

EB power spectrum, (CFP [nK?]

1
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Cosmic Birefringence as a probe of the nature of DM: S 1” D
> "
- 9 | ) &> “
Dipolar DM > "3’ g

Dipolar DM model proposes that DM particles carry intrinsic electric and/or magnetic dipole
moments, enabling their interaction with photons via higher-dimensional operators.

= |f Dark matter is Dirac particle

i
_ wY — [ AV
Lopm = — =0 (M +7° D)ypF", where o = =" 7']

AN

Magnetic dipole Moment  Electric dipole Moment  Electromagnetic field

= |f Dark matter is Majorana particle

1 -
5 v
Transition magnetic moment Transition electric moment

G X))

FUNDAMIENTAL SCIENCES Jafar Khodagholizadeh, S. Mahmoudi, Rohoollah Mohammadi, Mahdi Sadegh, Phys. Rev. D 108, no.2, 023023 (2023)
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Cosmic Birefringence as a probe of the nature of DM: , © Y " D
"% ¥
\r, ‘ ) ") “

o yg *
> 3 "’, > /, ‘

_ g
Hi(t) = —M? / d'a’ / dPx 4 (2)0" Su(z — 2')0 (8,45 (2)0. 475 (2') + Bu A7 (20, A5 (z))4 (2') g
d3p —1p.x * 1D.T
4(0) = [ otz SlasPentple ™+l " - —
wia) = | G S Oe@e vl T o s

d*k k4 m :
S _ —ik.x
7(2) / Cn)i ke —m21+if

Using the Boltzmann Equation: al o
dt v’
d d . o :
(2m)°5°(0)(2k") — pis(k) = §([H} (), DY(R)])) | > Qi) = O Fiom(Q+ i)
dV
= CeV7
where dt i
: 3 me
oM = —(—=)%or M? npu,

GD 21 S
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Cosmuc Birefringence as a probe of the nature of DM: | e ’>

- ‘ 4\
Photon-dipolar DM forward scattering affects the time evolution of the linear polarization of the CMB: o 9 2
- 2 )
> 7 " r

d . ) 1 . )
d—nA§S + zKuA%S = T, [—A%S — 5[1 — Pg(,u)]H] = za(n)TDMAﬁs,

After calculation of A3

1r= _
A%(nﬂaKa /.L) = — 5 |:62 A;)_S(T](bKv /'L) + E§2APS(7707-K'7 /.L)],
1 [= _
AR (1m0, K, p) = 5 [32 AL (no, K, p) — 8°A5°(n., K, u)},
and then
3 [ .
Ap(no, K, ) = — Z/o dn ge(n)I(n, K)0.[(1 — p*)e'™ cos Tpm],
3 Mo ) .
AR (no, K, p) = Z/o dn ge(n)IL(n, K)9;[(1 — p*)e'™ sin mpu),
Finally
sy 1 (£—2)! 3 TN 2
@G |20

FUNDAMENTAL SCIENCES Jafar Khodagholizadeh, S. Mahmoudi, Rohoollah Mohammadi, Mahdi Sadegh, Phys. Rev. D 108, no.2, 023023 (2023)



Cosmic Birefringence as a probe of the nature of DM: P .

—(np 2 [erpsm)| 5 [ angu e n 25 costron)| S~ @

i

(S)
Cpry

)

DM

S
Céff);,e DM (4m)?

% / d*KPs(K) -% /0’70 dnge(n) (K, n) jem(;c ) Sin(TDM)] |
(47r)2 (£ + 2)! 3 [

Ol = oy [ @EPs0)| 5 [ ang i 2 sin(zronn |

Tese relations can be approximated as follows

Césg,g o cosz(TDM)é]g%’E,

S : = (S
ngz;z . SlIl2(TDM)Cl(?27,£,
S 1 . = (S
C’ég,g . 281112(27'DM)C’§;,£.

12

112

Therefore,

l

. 2 2
TDM — — orTr M npmMm
where ST o )

DN |

COlIRM
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Cosmic Birefringence as a probe of the nature of DM:

» Our calculations put a bound on the Majorana magnetic dlpo?eq
moment about

10" A SRR B | _14 IB mpwMm
77 A M <1.4x10 e.cm
_ 2 0.34° V 1GeV
P R Pye— l
/E\ 10 w g -g'
; > “W boson mass =
g g S “1 > Constraints obtained on Majorana dipolar DM, including the constraints that
g - : = 3 come from the direct detection experiments, study DM particles whose mass is
2 L ] around GeV or higher, while the constraint that we obtain here is regarding
= 107 S Gt L LT i) the sub-GeV DM particles.
g ! ' &
o I =
& | . , \
S , direct detection _ _ _
10 » Although an experiment like W boson mass excludes the sub-GeV Dirac
dipolar DM with a magnetic moment larger than 7 x 10~ 16ecm, part of
o this region will be accessible for Majorana dipolar DM based on the CB

10 10° 10" 10° 10° 10° 10° 10* effect of the CMB.
mass (GeV)

G P
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Cosmic Birefringence as a probe of the nature of DM: - 4
»
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Sterile neutrino DM 3 3, -
> ’5’ § A =
In type-1 seesaw model the SM is extended by at least two heavy Sterile neutrino singlets v} =

— o~ 1 L= . B 0 mp
L= Lsu+y;; L Hug + EM]?{I/IZ%CV]?{ + h.c. M, = [mg MR:|
N = Vl\}LVR +0"f +hoe., and v=V]v, —Ulbvi+h.c.,
oy W W
9 neatam + 9 7 - 9 vV ~H |
LD Zl: ﬁN@ YL W, Zl:\/il” ONW, Toos B NOt~yty, Z, ) Y 3 | w
_ g Mn _ g Mx Y )
- "ONZ, — Ohi, N — O'h N Y y
2 cos Ow Y YV mw Vi V2 mw Vi Aﬁ & &
H(t) = /dqdq'dpdp’(27r)35(3)(q/ +p' —q—p) Mot = Mi(d'r',p's’, qr, ps)
T 10, 00 0 0 + My(dq7',p's’, qr, ps)
exp(i[g” +p" —q¢" —p’])x — Ms(d'r’,p's', qr, ps)
bl.(a')al, (p") Miot (N = N7) as(p)br(a)]; — Ma(q'r',p's', ar, ps),
IR
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Cosmic Birefringence as a probe of the nature of DM: - d > > )
d : Y2 D
(2W)353(0)(2k0)gw(k) = i([H] (), D;(k)]) Yy ¥
dI AR« % <
_:CI e 3) "> ‘
dt v’ T ' >,
>3
d . + __ ..P + , V2
EAP — 0’67 = Zln_DJMAP + O(V), U%M = T a Gr 6? / dq fom(x,q) X (suypaeg e’ p”q°)
dV | R ) _
7y ZCZWL By o A + Ao Ap)
o V2

DM = 5 OéGF92/deDM(X,Q)[(—Q'QQ'Q—Q'€2Q'61)i’i(Q'€1q'€1 —q'Ezq'Ez)},
3mp? M

where AT =Q+ iU

¢ CB angle of the CMB due to the interaction with the sterile neutrinos can be approximated as

a~15x10"76? (GeV).

mpMm
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Cosmic Birefringence as a probe of the nature of DM: 't “'?T D
® |
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» One of the most important issues of sterile neutrinos is to * 7 > 'P}

address the question of how they have been produced In
the early universe.

o ——ay

S

10 X ._ excluded by X-ray search

Chandra, Suzaku, XMM-Newton
(assuming standard cosmology)

» Sterile neutrinos can be produced by neutrino oscillation
In the primordial plasma via a tiny active-sterile neutrino
lower bounds on the mass mixing angle @, as first described by Dodelson and Widrow

derived from small—scale structure

vary depending on (DW) .

10°

m (KeV)

cosmological production scenario

107

» More complex mechanisms for the production of DM,
such as the Shi-Fuller mechanism which describes
resonant oscillation production or other non-thermal
production mechanisms including the decay of an extra-
singlet scalar have been proposed.

10

G P
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Cosmic Birefringence as a probe of the nature of DM: x _" . '
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Cosmic Neutrino Interactions with SM Gauge Bosons: SRR . & <)
» =2 >
P . ?
[y G Ao >

L\/"l,L Yoy
A w \ w
\Nﬂ
)
W & <«

« we consider a primordial asymmetry (8,) between the number densities of cosmic neutrinos and antineutrinos.

« Such an asymmetry can be generated by mechanisms like leptogenesis

» The CB angle of the CMB due to the interaction with the cosmic neutrinos can be obtained as
1
B = 57",, ~ 1.717 o,rad = 98.389, degree,

which results in an upper bound over &, < 3 x 1073 to consistent with = 0.342°"0%(68%C.L.).

1) _ : :
@UUQM S. Mahmoudi, M. Sadegh, J. Khodagholizadeh, I. Motie, S.-S. Xue, & A. Blanchard Eur. Phys. J. C 84, no.6, 619 (2024)
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» By combining the results of cosmic neutrinos and ALPs:
/BOb — /81/ + /Baa

Choosing 0.0001 < §,, < 0.0029, we get

Amin — g% _ 8,(8, = 0.0029) = 0.000248206 rad
pmer — g% _ g (8, = 0.0001) = 0.005058214 rad.

i Haloscopes

QDRQEM S. Mahmoudi, M. Sadegh, J. Khodagholizadeh, I. Motie, S.-S. Xue, & A. Blanchard Eur. Phys. J. C 84, no.6, 619 (2024)
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Thank You for Your Attention

Questions are welcome.

= Somayyeh Mahmoudi
= School of Particles and Accelerators, IPM
= s.mahmoudi@ipm.ir
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