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Axion dark matter: a simple solution

> The QCD axion provides an elegant solution to the strong CP and dark matter
problems

o All comes from the spontaneously broken U(1)pQ and the anomaly term

G GHv @------ ~1/f,
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Axion models: not so simple

a - ~1/fq > ————- - <




Axion models: not so simple

Q 99999)
a - ~1/fq > ————- - < 0
Q LQQQQQ,

o KSVZ axion models generate this term by introducing a ‘heavy quark’.
o This setup can have charge configurations that avoid the domain wall problem.
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Preferred axion models

Models where

o _ o 10 10° 02 10* 10° 10°
1) Misalignment doesn’t overproduce axions al ' T ' | |
2) Q decay occurs before BBN 107 f — d=5 d=17 ?ﬂ.’f >012
—_ d = or psm Q)
(Important in post-inflationary PQ breaking) = 10
} I s I
SRS 1010 I Foeen
Preferred axion models decay via dimension 5 at
most! 1074 S \ N
1 INMIMIRKNMNHINIINIY
_ pd<4 d>4 s . N
ﬁQq = L Qq T A(d—4) O +he 10 10* 106 108 1010 10"2 101 1010
meg [GGV]
Put forward by LUZiO’ Mescia and Nardi in PRL 118 (201 7) AN o¢¢ constraints of these models studied in AC + Ui Min
3, 031801 and PRD 96 (2017) 7, 075003. [arXiv:2411.17320]
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Preferred axion models too restrictive

o Constraints on heavy quark decay terms assumed standard cosmology and ignored
impact of heavy quarks themselves on the cosmology

mg [eV]
0 10* 102 100 1()—(12 10~ 106 1078
— g 1010 T T T T T T \
q M ng,d \(
ecay
Q q g — d= d=17 Qb2 > 0.12

107 F .
—_— = for psm > po N
— 10000000, = 10%F E
Q g b 1) B &
FQUILIBRIUM O, T _

PQ 1010 ( mq

) 2 (1 MeV 102} BBN \3 /
107° , N\
10% 108 108 1010 1012 1014 1016
mg [GeV]
AC, J. Osinski, L. Roszkowski [2310.16087]

mq = 107 GeV, quarks dominate before BBN
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https://arxiv.org/abs/2310.16087

Heavy quark domination dilutes (),

mg [eV]
101 107° 10-6 107 108 1079 1010

B Standard Cosmology, d <5
1[]3— /Y BBN, A= Mp]
101 L
=
s 1071
G
1073
Early Q domination
1072 B d=6 I d=38
B =7
107" 5 T T R Y VP TP TR T
10 10 10 10+ 10 10* 10 10
mQ [GeV] AC, J. Osinski, L. Roszkowski [2310.16087]
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https://arxiv.org/abs/2310.16087

Axion DM mass can be lower

fa [GeV]
1015 101/1 1013 1012 1011 101()
107138 |
10—14 L
v—],i_| 10—1'3 L
r
C.b 10—16 L
_g fip—2= g Qo
> é _ 14 :
= ‘\ fa =4 X107 GeV 4 models at this
mo = 4 x 10! GeV dimension don’t have a
10-19F ; 5 A=4x10'8 GeV domain wall problem.
f = 6 deca
10—20 N PSRN | N yl . PEPRPRPErR | — PEEPEPRPEPe | 2 PEREPRRPRET e | N J
10— 102 101 i 1y = 104 102
AC, A Ghoshal, D Paul

Mg [CV] [2505.04614]
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More physics on my poster

A d i e
TSUNG-DAO LEE INSTITUTE
The Cosmology of
Preferred Axion Models

CD Axion Dark Matter
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Full numerical
calculation

Gravitational waves
as a probe of heavy
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for quark decay
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Back-up slides

L RIER E] /Y !




QCD axion as dark matter

L L . (i
Misalignment production in standard cosmology o qe JadoeV] e aon e
7/6 /
0; \* (28 peV 10 ~
Qah2 ~ 0.12 : a m » 4 |
2.15 Mg, >
g 10—16_
. . . = Axion dark matter
In the post-inflationary breaking you expect S 6 =7/v3
random 0; in range [, ). 10754
Take random values in each Hubble patch - | | | | |
1 1078 (Vi I 1 1o 1074 1
mg [eV]

0, =1/(2) = - ~181 —s =~2.15 .
3 Anharmonic m. —57%10"% eV 107" GeV
corrections @ ' fa
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PQ breaking and inflation

o If PQ symmetry is broken before inflation, the whole observable universe has the
same initial angle 6;, QCD axion could be much lighter.

0. \? /28 uev\"/®
Q. h2 ~ 0.12 <0 pev
2.15 ma 10—14_

o The discovery of a light axion would be an
indication of pre-inflationary PQ breaking.

o Other phenomenological considerations,
o Thermal axion contributions to dark radiation.
o |socurvature bounds on scale of inflation. o T T, = STy = A

o LGeV]

10% 10% 10! 1012 10M 100
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Complicated by completions

a(t,x) as ~
TN L =

UV completions must involve strongly coupled particles.
KSVZ: SM fields are U(1)pQ neutral

~4

Introduce heavy quarks which need to decay

DFSZ: SM fields are charged under U(l)pQ — suffer from a domain wall problem+
+

These problems can be avoided with pre-inflationary PQ breaking

30/06/2025 ANDREW CHEEK 13




Heavy quark disaster

These new strongly interacting massive particles undergo thermal freeze-out in a
similar way to weak-scale dark matter, but now they are more massive and
overproduced!

Assuming stable Q,

Q
q Y w _xf 10H(mg)
Yo = R 3
A mg(ov)
e q g

leads to
k 2
N — p@ 1010( 17;7’@ ) (1MeV)
Y vgmlﬂﬁﬂnﬂ] pR 1012 GeV T

mq = 107 GeV, quarks dominate before BBN
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How heavy is the quark?

The KSVZ quark gets its mass from U (1)pQ symmetry breaking

Lrq = 0,2 + QiDQ — (yoQLQr® + H.c)

7 — L
& Z 12

L=
® > (v,/V2)e'fa somy = y,f,/V2, typical choice is y, ~ 1.
SO mQ ~ fa

30/06/2025 ANDREW CHEEK 15




Heavy quarks must decay

o If such heavy quarks will be overabundantly produced via freeze-out they must
decay,

Lpq = 10,®> + QiDQ — (yoQLQr® + H.c)
S Y — ——
U1} =U)g, x UM, xU(D)y - U(1)pQ X U(1)g
o Must introduce Q-breaking term
o This is only possible for some charge assignments
o For example,

PQ charge
Rp:1 3,1, ——) and (X, Xr) = <_, __> — In this case,
3 2° 2 decay
impossible!

SU(2)y



Not many choices for SM charges

Sticking with only renormalizable terms is already quite restrictive, especially if Npy = 1

Ro O0q A'2[GeV] | E/N |Npw Ro Ooq A2[GeV] | E/N |Npw
Ri:(3,1,—1%) QLdR 9.3-10°%(g1)| 2/3 | 1 Rs:(3,2,41) | QpurH [5.6-10%(g1)| 29/3 | 2
Ry:(3,1,+2) Quur |54 10°%(g1)| 8/3 | 1 Re:(3,3,—%) | QrarH' [5.1-10%(g2)| 14/3 | 3
R3:(3,2,+%) _Qprar |65 10°(g1)| 5/3 | 2 R7:(3,3,+2) | QrqrH [6.6-10""(g2)| 20/3 | 3
R4:(3,2,-32) Q. drH' |4.3. 1027(91) 17/3 | 2 L. Di Luzio et. al.

[arXiv:1610.07593]

From here, can determine distinct models from PQ charges

oM =M,Q; dp, for (xz,xr) = (0,-1), Model A,
O = Hq Qr,  for (xz,xr) = (1,0), Model B,
OF =y24®Qrdr,  for (xz,xr) = (1,0), Model B,
OF =y340'Qrdr,  for (xz.xr) = (-1,-2),  Model C.

30/06/2025 ANDREW CHEEK 17



https://arxiv.org/abs/1610.07593

Not many choices for SM charges

Sticking with only renormalizable terms is already quite restrictive, especially if Npy = 1

Ro O0q A;2[GeV] | E/N |Npw Ro 004 A2[GeV] | E/N |Npw
Ri:(3,1,—3%) Qrdr 19.3-10°%(g1)| 2/3 | 1 Rs:(3,2,+%1) | QrurH [5.6-10%%*(g1)| 29/3 | 2
Ry:(3,1,+2) Qrur |5.4-10°*(g1)| 8/3 | 1 Re:(3,3,—%) | QrarH' [5.1-10%(g2)| 14/3 | 3
R3:(3,2,+%) Qrar [6.5-10%?(g1)| 5/3 | 2 R7:(3,3,+2) | QrarH [6.6-10°"(g2)| 20/3 | 3
R4:(3,2,—%) Q,drH' 4.3 1027(91) 17/3| 2 L. Di Luzio et. al. (PRL)

[arXiv:1610.07593]

Can also go to the non-renormalizable level to determine the limit?

1
d<4 d>4 d<4 d>4

This leads to decays which are (mQQ ) d—4

suppressed by powersof A= f, T, — mq
4 (4n)™ (ny — 1) (g — 2)!

30/06/2025 ANDREW CHEEK 18
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Can explore preferred models

Preferred axion models decay via dimension 5 at

eV
most! P S UL (U 10° ¢ ]104 10° 107
T,
KSVZ-1:(3,1, —-1/3), 0 L7k — d=5 d=T7 Q,h? > 0.12
/ KSVZ—II : (3, 1, +2/3). ] o o >
Of :MdGLdR': fClI‘ XL&XR) — ([] _l
Of =y1aHdrQr,  for (xz,xr) = (1,0),
OF =12.42Q  dr, for (xz,xr) = (1,0), 5 models for each

O =y @' Qpdp. for (xr.vr) = (—1.-2). | KSVZ model type

0% =22292G dp,  for (xi.xn) = (2.1) 105_ \\\\\Wé

: O 10, or () = (0, 00 10° 108 100 102 104 10
}\ _ e LYR, or (xXr.Xr)= (Y, —1), m [Gev]
O 2405 o HY®, for (v, xr) = (2,1), Q
’ )«A @ra (e xr) = (21) Ol@l d\‘I>| Qrdr,  for (xr,xr) = (0,-1), [arXiv:2411.17320]
3,d = AC + Ui Min
05 = A Qrdr, for (xr, XR) - (_2& _3)1 of :%QHdLQR; for (xr,xr) = (0, 1),

30/06/2025
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https://arxiv.org/pdf/2411.17320

Decay of heavy quarks

o Heavy quark decay products may leave a trace in the early universe.

d : n
P4 — —4Hpa + BRaxionT@pg + (EZ5" )y, (1 —a ) |
dt Ng
dng N\
— = —3Hnp —T'gnp — (o v [n2 — (n! 2} : 4
T Q@ —T'gng — (o v) |ng — (ng)
Q decay .
| < . r/”«?m%% 9° g’ :%% y
IR . decoupling decay ., et a
Axion? A X TaXion < TQ | E\-r)((;iv:];OBS.IALS(;;R]E)more

Dark radiation?
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https://arxiv.org/abs/1008.4528

Light remnants of heavy quarks

In the standard picture of the Big Bang, we have two particles species that remain
relativistic until recombination.

[generated with CLASS]

oo

Prad — P~ + pu le—10

7 (T, \"
1+—-( — ] N.
+8(TT) ﬁ]

(Nett)p1s = 2.8870735

=)

Prad = P~

(2 + 1)/2m]C]T
B ~

o

10! 102 10°
Consistent with 3 light neutrinos, additions constrained Multipole 2

Prad = Py + pv + PDR AN = {§ ( 4 >_§ +N§f1fw} gi/l AJVeﬂt"S 0.276

7\ 11
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http://class-code.net/class.html

CMB disfavors some models

Decay Model A
i) d) = 5 c?
— ad) = 39.C MQ
3 Mg fa
e — Hagr) = EL e A
r 1) = 1 62 3
() —anad)= 563 ) —_—
- 1 o 3 Ad
Q) — HHd) = 25(5;73{2 me) n
- 1 223 -}‘l:r:
Q) — Hagra)= WL me) A
My My

[arXiv:2411.17320]
AC + Ui Min (JCAP)

30/06/2025

Model B

Model C ‘ Model D

d  Ysd
V2 V2
ylsq -
o d Yad
z.lrn: z.iru
T,TQ:rifu y,'i.dfu
V2 V2

—— Model E
Models B and C

CMB constraint
— Model A -
——— Model D

Model E
AE,dfu ‘}‘,'i,dfu
A A
}.zqu i
A
)‘l-"].d
A
A'J.:q'
A
Aa.df? A3.df?
2A 2A

ANDREW CHEEK
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https://arxiv.org/pdf/2411.17320

Heavy quark domination

> For these higher dimensional Q decay

: _ me [eV
models, the heavy quarks will dominate " 10° 10 107 107t 100° 0 1070
the early universe. Y N
107 L — d= d="T Q“hz = 0.12
. . . —_— = for psm > po
o This alters the misalignment sl
mechanism, has been known for = 10 (%
decades Steinhart et. al. (1984) + S | , |
| azarides et. al. (1 990) o ot ffeeend e A \\?\\b?\\
BN A
S NG
NS
1072} BBN Y
o We show Tysc, temperature when < W
axion field oscillations begin 105 J &
- 10% 109 108 1010 102 1014 1016
3H (Tosc) = Mg (Tosc) mq |GeV]
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First you approximate, then you solve

W T ol T isha
1072 pQ ~== d =6, A= Mp;, BRgy = 1 | " ’
. — fa =
o S 1075t
R [l N —— ] =
m;i 44 ,,’,f \ll{i - . mj 10_13 i
=] 10 ! I’I !‘ _
'. ~20
104[} | | I : 10 10_12
10 20 30 40
u = log (a/@initia)
/ d? d . ,
Scale factor (@ + 3H(t)a) 0(t) + m2(t)sin(8(t)) = 0

[MiMes] misalignment
lve
30/06/2025
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https://arxiv.org/abs/2201.10886

Constraints from dark radiation

i me [eV]
107 107° 1077 108 107°
B CMB — current =—— d=5 =—— d=38
"""" CMB — future —_—d=6 — d=9
—— EMD (d > 6) — =T == Q) h%>0.12

101
P ! Current measurements of CMB give
: ' 1 Lo
£ BBN A = Mpy 11 ford <5 [ 11 BRCL < 0.077
M 1 R -
10*2 L e I I lﬁ I I .
........... e, L i.fwe{ Future measurements of CMB project
e eeemsmmsssesssmaeas := _ll, prmemmerd18Lh -.'.:.:.:.-..":'."=':".'-.".'-.:.:.:.:.:.:.:.'::.:." by .': t: =:: TIIsiiiae
W . A BR, < 0.0048
11 Q, 7% > 0.12 I 1o —
10—3 1 : : 1 1 : 1 : :
1011 1012 1013 1014 1015 1016

mg [GeV]

AC, J. Osinski, L. Roszkowski [2310.16087]
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https://arxiv.org/abs/2310.16087

More models without domain walls

Recently, Di Luzio et. al. confirmed my findings and catalogued higher dimensional

mOdels L. Di Luzio et. al. [arXiv:2412.17896]
Rep. (C,Z,6Y) E/N  Npw Min. d Example operator LP [GeV]
3 1 -2  2/3 1 3 Q; dp 2.0 x 1039
3 1 4  8/3 1 3 Oy up 6.8 x 1035
3 1 —14 98/3 1 6 Q1 dg (65 er) 2.2 x 10%
3 1 8 32/3 1 6 UR Yu €R dr " Or 3.0 x 102 Br ~ 1
3 1 —-10 50/3 1 6 (drd,) ér Q1 6.4 x 1025 SM ~
3 1 16 128/3 1 6 QL ur (g ef) 1.8 x10*" & AN < 0.027
3 1 20 200/3 1 9 (dS, dR) (€% er) g QL 6.2 x 101
3 22 242/3 1 9 Qrur (L 65) (er %) 2.0 x 10*
= —— | —=—-192(4
e = 5o (5 —19200)

30/06/2025
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https://arxiv.org/abs/2412.17896

GUT-scale PQ breaking & Npyw = 1

fa [GeV] d = 6 decay
1015 104 1013 1012 101 1010 1018 > p

10713 ¢ ‘ ; i1 ’ Tdccay < TBBN V

101} = i 1017
= 1o~} . —
S o g g

10-16}
) O, 10' <
S
S - =

10-18}

1015 ¢ e ADMX
- pe
CAPP
10-20 : : : L -
10-° 10-° 107 106 10-° 104 103 "
il A | s M o oaoa el N M M B A
a5 08 109 1010 10" 1012
mo [G'E‘V] AC, A Ghoshal, D Paul
[2505.04614]
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https://arxiv.org/pdf/2505.04614

When does PQ break?

BEFORE INFLATION AFTER INFLATION
Can have m, < 10 ueV Now can have m, < 10 ueV with HQD
No detectable dark radiation component from The only models that survive with have no
axion. detectable dark radiation component from
_ £ TET axion. £ 16
10% 10" 10" 10" 101 101 10t 101 10t 10" 1ot 101
10713
i
71071
=
ﬁ 10716
TT0T
1071
10—19
10-9 “)‘4 1“'”7 1(;4; 1()‘75 ll;" 1 10-3 107210()’” 10"8 1()I’7 1()"6 10"5 10I’4 1073
mg [eV] ma [eV]

Both scenarios have the same phenomenological output.

30/06/2025 ANDREW CHEEK
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We perform a full numerical
treatment

To assess the effect, we solve the coupled Friedmann-Boltzmann equations

3H82£41%1 = PR+ PBR" + PQ
Entropy density evolution: dZ%‘M — —3HS%M + BRS;ZI:X[FQ PQ
eSS — _4Fp, + BRuvionTpQ + (") (1 - jq) ,
I;Ves\lﬁ/i(?nu:ark energy density dgf — —3Hng —Tong — (o v) [an B (ng})ﬂ .
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We perform a full numerical
treatment

To fully assess the effect we solve the coupled Friedmann-Boltzmann equations

3H*M3,
— _I_ axion +
. ﬂR PDR PQ
“Simplified” branching ratio
dsSM BRsyT If only Q —» a + g the only decay

Entropy density evolution: dl_; = —3HS%M + T Q,OQ, channel, BRenv = BRusxion = 1/2
Thermal axion energy dpa _ _AH RO Ea*xlon 1 g
density evolution: dr ~ HPa + BRaxionl'0pq + (Egcat ( N ) ’
Heavy quark energy density dng B 2 eq\ 2
evolution: dr —3Hng —I'qng — (o v) ng — (’”Q) :

ANDREW CHEEK K10
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We perform a full numerical

treatment

To fully assess the effect we solve the coupled Friedmann-Boltzmann equations

Y4. Thermal axion production rate
more on this later.

axion
<Escat > "'3TSM

3H? M} .
=P EPBR" o
dsp BRsmT
Entropy density evolution: R — 3HsM + M PQ
dit T
Thermal axion energy dpa .
density evolution: dr —4H pa + BRaxionl'Qpq +

Heavy quark energy density dng
evolution: dt

30/06/2025

- n
(BEEomy (1 _ ) |

TNg

—3Hng —Tgng — (o v) [nQQ — (ng})ﬂ :

ANDREW CHEEK
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Domain walls

o Topological defect where two distinct vacua are separated by a potential

(a) N ———_ domain walls
4] ]L ' v//_ _7_\—;;;
Vm” < w’- 3
- P TN ™N
o+
= \\ 4_-#‘\//
+ - b \ _\\ \A\\‘
\"'\‘-‘- "-.-.\_-\..\-.\-\I ¢ : + + ll
h — . -""-__\_ e g \\ - E\_' el /
—== } "Uba e’

- Stable domain walls scale like a2 so can quickly dominate.
> Much axion model building effort has gone into getting these things to decay or be destroyed.
o | think its interesting to first explore models where this isn’t a problem.
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