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Axion-like particles as Dark Matter

% Axion-like particles (ALPs) are compelling dark matter candidates because

Pseudo-Goldstone bosons of Peccei-Quinn like Symmetry broken at high scales

m, S 0(MeV) l *+ SM Slng'et l f, = 10° GeV
light Neutral decoupled
2 3
. keV
<% Stable on C logical i | 1/T(a — yy) ~ 10" yrs —
able on Cosmological time scales /T'(a — yy) y (109GeV) (ma)

% Easy to Produce in the Early universe via freeze-in, freeze-out, misalignment, etc.

These ALPs are great DM candidates but they are invisible!
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Axion EFT

At E < Agysg, The most general axion coupling to SM is described by the following EFT

a a4 Qem
- =|——GG|+|C,
Lot [fa ST ] [ yfa

1 Ziegler 2303.13353
anomalous coupling to gluons Diagonal Coupling to fermions
« Solves Strong CP problem * Induces axion-nucleon coupling
* Generates the axion mass « Allows axion direct detection

Anomalous coupling to photons Off-diagonal Coupling to fermions
* Responsible for axion phenomenology « Usually ignored!
* Determines stability « Should be included!
* Induces axion-photon conversion * Interesting phenomenology
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https://arxiv.org/abs/2303.13353

Framework

At E < Agwsp, the most general Effective Lagrangian for a leptophobic anomaly-free ALP

cY  1C-

m? 0,a "
di,4; qi,q; 15 ) 4j

1
L= 2(0.a) — =242 4+ ZH 7.
2( ,U'a') 2a+2fa’qzﬁy

At Agysp K E K Apg, on the other hand, the Lagrangian can be written as

0,a

fa

LD PyH X b

misalignment between the PQ basis and flavor basis

Relic Abundance
b - s(d) + a, t->clu)+a

Precision Flavor Experiments

V,A
Cu = U’:ERXUR UUR + Uz]:L XQL UuL » | axions in SM decays
—

V. A T ]L K-m+aq, B—->K+a
C;""=U) X;.Uy;. +tU, Xop, U,
d dr“*dr"YdR dr,*QL%Ydr> . SN1987A bound
A - na, N+N >N+N +a

—
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We have considered two classes of models:

“two-flavor scenario” “CKM-scenario”
a single flavor transition at a time the unitary flavor rotations are given by the CKM
only two flavors charged under PQ, All quark flavors are charged.
6 possible scenarios, e.g. “b-s” scenario possible scenarios are “CKMyg” and “CKMg,”
Xa, = diag(0,1,-1), Xy, = Xg, =0 Xup = Xap =0, Xg, =diag(l, X, -1-X)
0 0 0
C/ =C4 =10 sina cosar |, CY =04 =0 UUL — 17UdL :VCKM
0 cosa —sina

Free Parameters: mg, f,, a Free Parameters: mg, f,, X
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ALP Production

Due to the large decay constant £, > 10° GeV, the ALP was never in thermal equilibrium with the SM bath.
Therefore, it must be produced non-thermally:

1. Misalignment Mechanism — > 1R < 37T3v2/mqi Y
: s Hr ' ( fabo
Quh|mis =4 x 10~ :
| (11 keV) (1010 GeV>

105

2. Flavor violating decays: q; — q; a

3. 2to 2 Scatterings: q; g(¥) > q;a;  q;q; > g(y)a

0.7 x 10°GeV\ > / m,, 70 \*?
Oy h?|gee &~ 0.12 M¥a ( ) 4 ( ) for decays,
a <0.1 MeV) fa/Cyqiq; (GeV) gx(myg,) Y
1.4 x 1019GeV\* / my, 70 \*"? [ as(my,)
O B2|enes A~ 0.12 (e ai &s\Mg;) for scattering,
scatt (O.lMeV)( fa/CA ) (GeV) (g*(mqi)> ( 0.48 ) OF SCAEHTS
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Stability

For axions with f; = 108 GeV, stability and long lifetime can be achieved easily. The main decay channels for a
generic axion are,

1. Decayintopions(a > T T ) =———p m, = 3 m;isalready excluded by X —ray observations.

2. Decay into leptons (a = ) » Choosing leptophobic axions, they are avoided.

3. Decay into photons (a — yy) » Itis induced at loop level.

So, the stability of our DM candidate is determined by di-photon decay, as advertised.

Cheavy + Chght

Lyy = 647r3 72 | vy
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Stability

ﬂhiral Perturbation theory Remark \

— heavy light -
F'Y'Y 3 2 }C + C’V’y X .
647r f 1 2 ma 2 frc
Lopr =500, — Zra” + =T [D,=D"57]

NN Y +f_7%BTr[MZT+hC]_1M22

Qa f heavy Z Q2 ma 4 0 q L. 2 0’107
i=c,b,t — 2

70 ~ 70 +€C” Ca M Qs »
YA VAN phys /5 MR — 2 P
7 C,+C,—C, m
light C,—Cgm \/5 mg Mg = Mphys T € \/— 2 — m2 Aphys >
a 0 C,y ~ 5 m2 g CutCa=Co— 2v/3 a T~ My
....... - — - T n 2
\/5 m2 ’1() ~ n[,)hys + € CM T Cd ’ 2CS ma 5 aphys
N + (G Gy +2C)— 2v6  mg—m,
’,[I
e ] 2\
26 0.1 MeV fa/(Cu - Cd)
Ta =~ 3 X 10°"sec 5
. Mg 10° GeV }
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Constraints
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Results: toy models
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The most general axion EFT possesses non-diagonal coupling to SM particle fermions.
DM Axions with flavor-violating couplings can be produced in SM FV decays

They can be probed by current and future flavor experiments
 NA62: up to 102 GeV
e Bellell: up to 10%° GeV

The next generation X-ray observatories provide a complementary probe
e GECCO
e XGIS-X

Also, they can modify star cooling
* Supernoavae
White Dwarfs
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ALP Production: Misalighment Mechanism

In general, axion can be produced also non-
thermally via the misalignment mechanism, V(8)

Misalignment Mechanism

é+3H ()b +m>d =0 8,20

where, H = m, sets the onset of the oscillations,
however, for the reheating temperature set above

é; Credit: Co et al. 1910.14152
3,,2
Tr < 3m°v°/my,

and for the mass ranges considered in this work, the onset of the oscillations is prior to the T;, therefore the
axion produced via misalignment dilutes away!

07 famamy(Toe) [ _8as )T HONV2 . pg N2
Qahz — > > OSC * 3 — Qah2|mls ~ 4 > 10_3 R fCL 0
6HOMP1 g*,s (TOSC)TOSC ]_]_ kev 1010 GeV
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ALP Production: IR Freeze-in

Due to the large decay constant f, > 10° GeV, the ALP was never in thermal equilibrium with the SM
bath. Therefore, it must be produced non-thermally:

1. Flavor violating decays: q; — q; a oy
2. 21to 2 Scatterings: q; g(v) — q; a; q:9; > g(y)a w_u:
x=m/T
0.7 x 10°GeV\ > / ma, 70 \*?
Vuh?|qee ~ 0.12( M¥a ) ( 4 ) for decays,
a 0.1 MeV fa/Cqiq; GeV/ \ g«(myg,) o GEEAE
1.4 x 1019GeV\* / my, 70 \*"? [ as(my,)
Qoh?|scate & 0.12( Ma ) ( ai ) s Mg, for scattering,
scat 0.1 MeV fa/CA GeV/ \ gu(my,) 0.48 OF SEAIEHHS
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ALP Production: UV Freeze-in

At energies above EWSB, some UV sensitive non-renormalizable operators become important, e.g.

The contribution of this process to the relic abundance is,

2
dYuv 0.4 Mp, Cch- My, 2 2
~ 154 — t { Qh — Qh '
dT Qxs A/ Qs T' ( V fa constatt |UV 37'('3?}2 qi—q;a

Sticking to the minimal number of free parameters and requiring IR dominated production,

3’02

37
I'r < -

Ex)
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ALP Stability - Light Quarks

At energies below a few GeV, the effective Lagrangian for the three light quarks ¥ = (u, d, s),

1 L m?z 2 S ota - .
Log = 5(8‘ a)(é)ﬂa) — 7& -+ \IJ(Z]D — ]\/fq>\If \If’yl (kLPL -+ kRPR)

fa
1 L a 771’2. 2 72 | 7 T f%’ T , 1 12,,2
Lpr = 5(9"a)(9,a) = ZEa® + ZETr [DED, EF] + By Tr [MEF + hee] — oM

CRE AR e

—T +778 V2K° +\/g7701
\\/iK_ \fKO 3778/
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Constraints: Astrophysics

Warmness Bound a.k.a WDM

1. Free streaming ) 01M (1 keV) \WDM 0.070 Mpc mwpM = 3.5 keV
FS = U. pC =
My, FS 0.041 Mpc mwpM = 5.3 keV
2. Momentum dispersion . D’Eramo and Lenoci, 2012.01446
1 i
mMWDM \ 3 79 3
me = 10keV ( )
. 3.5keV g*(my)
SN1987A: N+ N' > N+ N + a
Through a careful matching onto axion-Nucleon Chiral O.Glgg.p + gf,,n + 0.939anGap < 8.26 X {11 e
Lagrangian, the following bound is extracted Gai = Cymi;/ fa. Corena of al. 190611844
Here th y Cp~AuCA + AdC4 + AsCA
where the couplings are ¢, SAeh S RaeA LT ;
a

. > 1.5 x 10° GeV
On ™ X e
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Constraints: Flavor Physics vs CMB

Hadronic FV

Leptonic FV
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Constraints: Flavor Physics

Fi =2 f,/C; [GeV]
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Axion Dark Matter
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Constraints: X-Ray Observatories
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