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Dark Matter Neutrino Portal

Asmaa Abada

Perspectives:

Sterile neutrinos can be suitable dark matter candidates. The freeze-in mechanism
with KeV mass dark matter candidate is to be revisited by taking into account
flavour effects.
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Compositeness from colliders to space

G.Cacciapaglia, A.Deandrea, B.Fuks

Particles have substructures: more
fundamental degrees of freedom
glued together by new strong interactions
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This can be applied to:

e The Higgs boson and the electroweak scale

Dark Matter

 An axion-like particle

e Inflation, ...

(mesonic state)



Compositeness from colliders to space
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Perspectives : —
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Leptogenesis and Dark-matter-genesis can be studies in
suitable UV completions

Non-standard cosmological phases (symmetry non-
restoration, phase transitions)

Life Cycle of a Star

Light states (ALPs) relevant for star
evolution models (ex. XENON1T ol -
anomaly) - Red Giant Planetary Nebuis




Axion Dark Matter

Projet INQP3:

Axions : from particle physics to cosmology
S. Davidson, K. Martineau, J. @, C. Smith




The strong CP puzzle in particle physics
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the measure of the path integral is not invariant under this transformation
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axial anomaly shifts quark mass phase to QCD vacuum
. 1 Q
Locep = q(i"' Dy —mg)q — GG, — (0gep — 0w ) o
4 # 0 ST

Yukawa coupling to the Higgs are complex Ocorar # 0
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this induces a huge electric dipole moment for the neutron:
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Theory: |dn| ~ ‘(§|10_166.Cm VS Experiment: ]dn‘ g 10_266.677”&

— 0 < 107" [rhe strong CP problem

The strong CP problem is really why the combination of QCD and EW parameters make up

should be so small...




The Peccei-Quinn axion solution

axial anomaly: 0 gy ) QCD

Solution to the strong CP problem of QCD: add fields such that rotate (/ to the phase of a
complex SM-singlet scalar who gets a VEV and dynamicaly drives

. 2 1 vV Ya Oés U a
Loop = (17" Dy — mye QEW)q - ZGZL Gm/ — HQCDS_WGZL Guu

1. Introduce a new global axial U (1) po symmetry S.B. at high scale
— the low-energy theory has a Goldstone boson (the axion field)

2. Design L ,.ion, Such that Q(qL) #Q(QR) — this makes the U(1)p anomalous :
a Yy d,JH~ G¢ GHY
net effect: Lyzion = Loop + —Gu GM + ... T urSa

V(0)
3. Non-perturbative QCD effects induce: | a
_ a . A

/ ™ 0 T
['a:cz'on — EC’hPT(auaa w1, , ) + Veff(e + —, T, 1], ) M;redtoday
4 — a
~ —ANoopcos(0+-)
~ < a>
minimum of the potential: - — ()

CP symmetry is dynamically restored!



A shift of paradig€m

* Supersymmetry : -enlarges Poincaré algebra (new energy scale)
-needs many new particles
-can preserve SM gauge group

‘Peccei-Quinn’ theory: -enforces CP-symmetry
-needs a new global ‘no symmetry’

(anomalous+spontaneously broken)

(new energy scale)

-entangled with SM gauge group :

[SU(g)c & SU(Q)L & U(l)Y]local X [U(l) : ,PQ]global

the axion: Goldstone bosons combination 1 Z;



Axion couplings

Energy
A

—~— At energies below [, (SSB):
o,a .
»Ca:m'onD 2f #f GG +#_ _|_#£ZF _I_#ﬁ I #a

electroweak couplings recently computed
do not follow the expected pattern

(J.Q. and C. Smith, arXiv:1903.12559)

It needs to be phenomenologically explored
(baryogenesis, ...)

—— At energies below AQCD ca—n — 7’ — N — ... mixing

f7r T MMy

fa My, + My

axion mass: Mg = My

axion couplings to electrons, nucleons, mesons,

(EDMs)
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symmetry breaking in cosmology
4 Temperature 5¢ ~ T VPQ(qb) _ %(’¢|2 _ fa,2)2

AV (¢)

T > f, T determines the PQ vev:
< ¢p>=0

T ~ f PQ symmetry is
a spontaneously broken:
. a(x) >
< P >= f,e'Ta S 0
The axion is born: 0=— ¢ [—7T 7 7T]

PQ symmetry is

CP- '
explicitly broken concerving

theory 0=al f,

T ~ AQCD

2y {oc = T > 100 MeV

_ a T — T <1 M n-Per
m ( ()) < 100 MeV +Vég\ICoDPe b 2,2 (T)(l — cos(NDWQ))
model dependent:
KSVZ: Npw =1
DFSZ: Npw = 6

Crucial role played by inflation...
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Dark matter from vacuum realignment

4 Temperature

o oo™ b 4 3[H)p —I—Qna(Tngb —0

40
-+ H > m, ma < H(T)
Axion is ‘frozen’ by 0 = 0; = const.
Hubble friction
Pq ~ const
time
Wq N —1 >
A
- H < m,
mg > H(T)

Coherent oscillations of axion field

—3 ’ S T
Do ~ Pa () a ma(Tl)sH(Tl)v WL

Scalar oscillations behave as matter

« Zero momentum

condensate
(Classical field oscillations)

f 1.184
£ 9 scenarios . Cold Dark Matter!
10" GeV
« AXions are born as non

. . _ _ , relativistic, classical field
Other axion production in non-standard cosmological histories to explore oscillations

Q. h’~0.195




Initial conditions and inflation
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Crucial question: did SSB occur before or after inflation?

Q. h’~0.195

fa

1.184

SSB before inflation
fo 2 1013GeV

Time o
=
"’—"—> <—~1"‘~~~ inflation
.- H,” S end of
S 1 PR ~>~._ inflation
& 6; _oh
no PQ symmetry
restoration
a 6; -
H1

« isocurvature fluctuation from large quantum
fluctuations (strong CMB bounds)

10" GeV

2 scenarios

SSB after inflation

May occur for low f,

6
. — <—~-1 flati
L H, 6; S~ end of inflati
--------------------------------------------------------- A N e
o | O I A i /,:1—,-.’—_? PQ symmetry
/ restoration
/'/ 6. 6 PQ symmetry
AR )
j o Tt breaking
QCD ph
/’_ o Y S transition
< 6 o= 0,
Hac
after QCD
phase transition
3 ) )
!

+ Many different —z < 0, ; < 7 in the visible universe,

e 2
average field value fixed: <8.2 — I f 0°40="

ini ﬁ J 3
— () independent of initial conditions

m
* <200
peV =

DM relic density,
narrow mass window:

Qh2=0.12 > 50 <



Landscape

Axions should be very light and feebly interacting

falGeV]
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( % ) for N, > 1, predictions spoiled by topological defects
DW

Axion DM constraints from laboratory experiments, from stars and cosmos observations
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@1‘ has two classical lima

Detecting axion dark matter

Gev limit of point particles (WIMPs, ...)
» Local DM density: pcpm =~ 0.3—— = m,n, occupation number is huge ho0 w koo
cm E =hw and p=hk fixed
R limit of classical fields (axions)
V(o) h— 0 N —
axion behaves as a classical coherent (NR) field: time \E = Nho and = Nbk ﬁxy
—Tr 0 7'(' 0
. @ = 0y cos(myt)
Lo 1 55 1 5.9, QCD —19
. DM halo bounds to our galaxy: v¥ = Vg ~ 10~3¢
velocity of DM in the galaxy = the axion spectrum is not monochromatic
+ 4
‘ mav2
| dw = 5 9
—>{l— w>me(l+v/24...)
ow _6
—~10
1 ‘. w
g > W

1 10~°eV
coherence time: 0t~ — ~ O.lSmS( © >
ow my

10_56V)

coherence length: 0L ~ 20m( -

Fundamental detection strategy: macroscopic coherence leads to coherent enhancement



Axion conversion to photon

a
»Ca:mlon D, #_ —>

fa

the axion sources an E-field

" a E E in an external B-field
fa
a

Matrix element given by the
a overlap of the axion and

------------------- virtual photon wave functions
0

B
a(t) = ayp COS(mat) FE/1. (free plane wave) Ié /\

In vacuum; T Inside a cavity: £ becomes the cavity modes

N

Oscillatory integral vanishes (mnoment conservation)

— Nno axion-photon conversion :
cavity

One needs to modify the free wave function : o
15 — aXxion-photon conversion is allowed
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Axion haloscope

Amplify resonantly the EM field in a resonant cavit

(forced oscillator)

A/2 =0.62 cm (100 ueV/m,)

Power extracted from a cavity: P_. gnal X g?w B? RV  to amplify

Pnoise X Tsyséw

cavity

C-r/‘\ Hal : a European haloscope project

Grenoble Axion Haloscopes

1. Hybride Magnet 43 T (34 mm), 40 T (50 mm),
&7 T (170mm), 9 T (800 mm) LNCMI

2. Tgys ~ 20mK Institut Néel
3. quantum amplifiers SQUID &JPA Institut Néel

KSVZ
ayy

Mg = 23ueV

1st point

. New interesting idea : -resonance when the axion and plasma frequencies match
‘plasmon haloscope’ : -thin wire metamaterials (~cm spacing = ~ GHz plasma frequency)

-tuneable with wire spacing = haloscopes not anymore V' limited?



Axion limits

10 SHAFT Horizontal branch
10 DSNALP Mrk 421 Neutron stars

Fermi-SNe

_ Hyd F & /
10 11 ydra ‘bi&;@ Fermi HESS
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From theoretical topological defects to 10

cosmological astrophysical objects

Physics left invariant by a U (1)PQ rotation only if it rotates the QCD angle of GG
b — e Oocp — Ogcp +INo

model dependent

27
Strong interaction effects break U (I)PQ but are 27 periodic = a = ZW still a good symmetry

Vacep(a)

QCD instantons Ex: N = 4 axion model
U ( 1 ) PQ — Z N (4 degenerate minima)

>
- 0 T

In QFT: \ (In the early universe: \

ime _9_'

Ti
In position space: l e R intton

~x,

5 l‘, a 2m
WO” ,‘l “, a _Arm E = ?l
: \ vpg 3

az-m/2 i ;’ '; . o _tn
! ! vpq 3

N = 4 domain walls N \
meet in a string J k SRR RGO RS L J
H
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Detecting axion transient with nEDM

g AN > 2 AL i R
. Example: Via) = —p“a® + Aa™
V(a) a(z)
“Domain Wall”
s ny ) R
U —I_:U > A __]_ﬂl-ll-e]f:- » L
\./ Lagrange /

AtCIZ‘:—OO At$:+00 --------------- e ’l-] ------------------

\_ J
8 @ Non relativistic =
1nt — ¢V Y w X — "l'i;n'it"-V Hint — E 287;.

@ 1=e,n,p

Precession chamber

iD]1i 204
Photo%{llléletlpher ? )-» * I Hg lamp
- i& nEDM experiment,
| I S PSI, Villigen
)—» )" ‘%

nEDM experiment’s mercury co-magnetometry

in collaboration with G. Pignol et K. Martineau (LPSC)
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Axion cosmic strings

gauge theory < » gZauge symmetry conserved
anomalously broken gauge fields current lead to anomaly cancelations
PQ conserved » chiral PQ symmetry anomalously broken

gauge fields

PQ complex scalar field: () = f(r)e??®)

<P >=f,

K Axion mixes with SM U(1l) symmetries \
Interesting model building features to explore

Implications for DM, baryon asymmetry,

K still to be explored J
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Axion miniclusters

. Temperature

...Inflation occurred already

T T ~/ f a SSB Of PQ Axion DM inhomogeneous a ~ pc scales

first structures form at z > 7
+— T ~Agecp mg #0

“eq

- density perturbations grow under gravity as usual

- collapsing into gravitationally bound objects known as miniclusters

. total axion mass contained within the horizon at s sets the characteristic
minicluster mass at Zeq: A My ~ 107 120M

3
T size ~ 10’ km
H & R 1988 = Pa =
ogan eese ( ) My = pqg 3 T (CL(TQ)H(TO) ) ~ 10% in the Galaxy

Smaller than smallest WIMP structures ( ~ 107°M,) | through the Earth every ~ 10° years

Implications of alternative cosmological scenarios on axion MC, needed
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Detecting axion miniclusters with gravitational
microlensing

Microlensing: fugitive amplification of a background star which occurs
when a compact object passes close to the line of sight to that star.

10-15 1010  10-° 10° Mppr (Mo

Y L

© lens

Y " E emt
: -1
view from 10 3
Earth 2 [
. a) )
R S 102} 5
@ v S0
? . m [ &
view from ] QO 291 A straint (95% limit)
il é 10_3 L HSC M31 constraint (95% limit)
=i
I [
(A I

@ [ 104}

view from [ Niik t al (2017) ]
i 11Kura et a. 1
Earth 10—5 I R T N TR TR TR T N S T S | TR !

1015 1020 1025 1030 1035 MPBH [g]

Expected microlensing events: 100
5
10 I Faban, Maren, J.Q., PRL (2017) HSC:
— isolated MC 10
S —— dense MCH
1000 i —— diffuse MCH 1
S EROS: O
o --~- isolated MC —_— -
o = | dense MCH
< ] 0.100¢ 0.500
---------- - sH—
X N 0.010} =
0.005 - (&)
()
U4 s 0.001
!,/ S 0.001 44 42 40 38 36 . . .
=5 o : -0 -9 -8 -7 -6 -5 -4
Place the first observational bound: 10919(mMa/eV)

log1o(Mo/M,,)

fmc < 0.083(mg /100 pueV)0-12

Iff - 1s high, rare MC encounters — axion DM detection is limited.

Huge and renewed global effort in axion direct detection.



23

How do photons propagate through
axion background?

axion electrodynamics:
V-E=p—-gs,B-Va,

VxB—E=J4gs,3B + g;,VaxE,

& V.B=0

astrophysical source axion background measures

B+VxE=0.
dispersion relation: 9,
k 2 Ot . , .
Wy~ kit 9a2fw (Dya+ - Va) F JaryrWp 15 JTE _|_(9( gaw) Apply carefully Hamilton’s optic
n w* L dw* No refraction at O(g,,,,)
v p— ) U o — a]/}/
phase L group dk in absence of plasma,
The Faraday rotation Group velocity splitting Blas et al. ‘No chiral bending of light by
& y between L/R polarisations: axion clumps’ (R019) cf. Weinberg (1962)
ANy s
T TIN + — ayy “p :
N Vg —Vg = ako K2 E] Ak = igagvai[a(tf,a:f) — a(t;, x;)]
Ya

Aw=F W(‘? la(ty, zy) — a(t;, z;)]
axion induces photon polarisation rotation: time delay Suggests a new way to use atomic

Harrari-Sikivie (1992) clocks to constraints axion DM:

2
o E/tf (w+ B (,u_)dt Atp :Fg377 p f dt, [a/ . a] & 1016 ( Garyy ) 1 GHz PDM
2 J,. 4 kg k2 w 10-10Gev—1 0.3 GeV/cm®
1 [t k
0= 5/ Garyy (Ora + %.Va)dt
& Constraints from :
-optical effects should be examined further in

-Gamma-ray burst specific axion backgrounds
VLT observations of neutron star -radio waves from pulsars -investigate precision terrestrial optical
& fast radio bursts experiments to probe axion backgrounds
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Conclusions
- Axions are multidisciplinary: a chance/challenge

- AXion physics is a mature field but new fundamental properties are expected

- Deeper connexions between the strong CP problem, the DM matter and the
particle flavour sector should be explored (neutrinos, baryogenesis, etc.)

- This is the perfect time to be studying axion DM detection.

- Axion topological defects are theo/astro objects that one needs to deal with

- Axion Miniclusters are a fairly generic, but largely overlooked, aspect
of axion DM phenomenology.

- Optical effects should be examined further in specific axion backgrounds

- Investigate precision terrestrial experiments to probe axion backgrounds



