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QCD axion, a simple solution?

o Peccei-Quinn can explain the smallness of CP violating terms in QCD and dark matter in a
simple low energy theory.

o Spontaneously broken U(l)pQ global symmetry
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o This anomaly term leads to a small axion mass N
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https://arxiv.org/pdf/1510.07633

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=-

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 (need low Hjy¢)
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Heavy Quark Abundance

Lpq = 0,®* + QiDQ — (yoQ.Qr® + H.c)

® - (v,/V2)e'fa som, = y,f,/V2 where f, is constrained to be > 108 GeV
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Heavy Quarks must decay

o Such heavy quarks will be overabundantly
produced via freeze-out mq [eV]

) 10* 102 10° 1072 10~4 10-¢ 107%
o Can even dominate before BBN oo | | | | | \\
> They must decay. ol Quh? > 0.12
> Must introduce Q-breaking term . for psy > fe\\
J— - —_ =
Lpg = |c‘9,u‘1>|2 + QilpQ — (yoQrQrP + H.c) = 105 b \
; )l — < U -
— | _— \ A @
u(\\ = \A(NQS QU Qz & \kb\?@\ < \Q 101 ..\'\:--_ \
> This is only possible for some charge 107 \\\\\\“
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Not many choices for SM charges

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

Ro O0q A;2[GeV] | E/N |Npw Ro 004 A2[GeV] | E/N |Npw
Ri:(3,1,—3%) QLdR 9.3-10°%(g1)| 2/3 | 1 Rs:(3,2,+1) gLuRH 5.6-10%%(g1)| 29/3 | 2
Ro:(3,1,+32) Quur |54 10°%(g1)| 8/3 | 1 Re: (3,3, —3) czRqLHT 5.1-10°%(g2)| 14/3 | 3
R3:(3,2,+3%) Qrqr |6.5-10°%(g1)| 5/3 | 2 R7:(3,3,+2) QrqrH [6.6-10°"(g2)| 20/3| 3
R4:(3,2,—%) @LdRHT 4.3 - 027(91) 17/3 2 L. Di Luzio et. al.

[arXiv:1610.07593]

100 L

From here, can determine distinct models from PQ charges
o =
OM =M,Q dg, for (xz,xr) = (0, —1), Model A, T 1071

( )=
Of =p14Hq Qr,  for (xz,xr) = (1,0), Model B,
@ff :y;z?d@@ﬂlﬁ, for (xr,xgr) = (1,0), Model B,
o _  aiD : _ Tc , 1o 1o 1012 100 101
04 yd’d@ QLdR: fUI (XL XR) ( 1= 2).' j\‘IUdEI C CMB constraint Model E mg [GEV}
Model A ——=—' Models B and C
Model D AC + Ui Min [2310.16087]
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Not many choices for SM charges

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

O0q A;2[GeV] | E/N |Npw Ro 004 A2[GeV] | E/N |Npw
Qrdr 19.3-10°%(g1)| 2/3 | 1 Rs:(3,2,+%) | QrurH |5.6-10%%(g1)|29/3 | 2
Qrur |5.4-10**(g1)| 8/3 | 1 Re:(3,3,—%) | QrarH' [5.1-10%(g2)| 14/3 | 3
R

)
Qrar [6.5-10%?(g1)| 5/3 | 2 7:(3,3,+2) | QrarH |6.6-10°"(g2)|20/3 | 3

Q. drH' |4.3- 1027(91) 17/3 | 2 L. Di Luzio et. al. (PRL)
[arXiv:1610.07593]
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Can also go to the non-renormalizable level to determine the limit?

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

This leads to decays which are m2 d—4
suppressed by powers of A # f, mqQ Q

Tyn, = o
BT (4 (g — 1) (g — 2)1 \ A2
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Use Standard Cosmology

Decay terms are limited by

104 102 10° 1?',(1)1*0D2 [eV 104 1076 1078
1) Ensuring misalignment production doesn’t 101 - ' . . . .
overproduce axions |
107 F Q.h? > 0.12
i for pq 0
2) Ensuring Q decay occurs before BBN P “AQ
approximately gf |
7 < 0.01s ~ 10
Preferred axion models decay via dimension 5 at O /W
most! 105 . &
10* 106 108 1010 1012 10 1016
Put forward by Luzio, Mescia and Nardi in PRL 118 (2017) mq [GeV]

3, 031801 and PRD 96 (2017) 7, 075003.
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https://doi.org/10.1103/PhysRevLett.118.031801
https://doi.org/10.1103/PhysRevLett.118.031801
https://doi.org/10.1103/PhysRevD.96.075003

But we know HQs can dominate

For these higher dimensional decaying

o

mg [eV]

models, the heavy quarks will dominate. 1010104 102 10° 102 10* 10 1078
> Through Q — SM decay reheating may Y N
. ecay
slightly alter the BBN bound. ol — d=5 d=1 Q,h? > 0.12
o More importantly, the misalignment — d= for psm > po N
mechanism will be affected. — b=
. =
o We show Tgsc, temperature when axion % Q
field oscillations begin = d......... Lo s
SO (U0 I L ORI S
7N O AN N
I R A
~ Vs
3H (Tosc) = Mg (Tosc) 10-2f] __BBN 3 / J
DN
10—5 h &
10* 106 108 10 102 104 10
mq [GeV]
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Heavy Quark domination dilutes (),

> Early matter domination can alter 04 105 loﬁma [160\{]( 05 100 1010
misalignment 10 e e e
B Standard Cosmology, d < 5
> We were the first to point out the 10°F 22727 BBN, A = Mp)
axion models themselves could
provide this phase. 10t
> Plotting band of different initial ™
angles 6; € F - s 107
9 S VARVE] S
o Dimension 6-7-8 now are viable. 10-3
o More axion models available and Early Q domination

parameter space. 10-5 e d—6 W Jd -8

B (=7
10_7 10I I """'11 I ””“I12I I """'13' I ””“I14I I """'1r_' I Hlmllﬁl T 17
10 10 10 10~ 10 10+ 10 10
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,6)Y) 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 Q) up 6.8 x 1035
3 1 —14 98/3 1 6 Q1 dg (65 €r) 2.2 x 10?2
3 1 8 32/3 1 6 UR Yu erdp " QR 3.0 x 10%8
3 1 —-10 50/3 1 6 (drd%)er QL 6.4 x 102
3 1 16 128/3 1 6 QL ur (¢r€}) 1.8 x 10%
3 1 20 200/3 1 9 (dS, dRr) (€% eRr) g QL 6.2 x 10%7
3 22 242/3 1 9 Qrup (£L05) (ér %) 2.0 x 107

\ 01 o
= — 1.92(4
Ja 2w fq, (N ( ))
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GUT-Scale PQ breaking

Previously taken m, = f, and A = M ol . . ]i% 1LGCV] . . .
Can relax this and obtain order of magnitude I (1] U ="
lower mass. =
: : 1y
The plot shows dimension 6 models
o T o107
The point with smallest m, corresponds to: =
f, =4 x 10 GeV g W=y
mgy = 4 x 10" GeV F1077
A =4x 1018 GeV BT
PQ breaking can be close to the GUT-scale! 1o-19 L
g2 e o L s |
10~° 1078 1077 10-° 10-° 104 10-3
Maq [CV] AC, A Ghoshal, D Paul

[2504.xxxX]
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GUT-Scale PQ breaking

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
[2504 .xxxX]
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When does PQ break?

BEFORE INFLATION AFTER INFLATION
No detectable dark radiation component from The only models that survive with have no
axion. detectable dark radiation component from
_ Ty axion. fo 6]
10% 10" 10" 10" 101 101 10t 101 10t 10" 1ot 101
10—13
i
710718
-
i 10716
o107
10718
10—19
10-9 1(; s 1“'77 1(;4; 1()‘ 5 1“‘771 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.
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Primordial GWs as a tracer of HQD

(¢]

We propose using inflationary gravitational waves (IGWSs) to probe whether HQD happened

- Mmg= 10]4 GEV, TRH = 10'6 GeV, d= 6, A=mp|

> These are tensor perturbations from inflation, its 1077 gy -
power spectrum is parameterized by Lo~ Planck18 -+ BAO
. k: nr D
Pﬁrlm.(k) — AT(k) (k_) 10-11} =
» -
c:]:: 10—15 i
o Current constraints of measurements of B-modes C}% —
in the CMB constrain tensor to scalar ratio 10719¢ _
= Ar < 0.036 10723}
Ag
o The tilt n; is determined in vanilla slow-roll 1077
inflation to be ny = —%, but there are numerous oale—rn T 168
alternatives (string inflation, ekpyrotic particle £ [Hz) AC. A Ghoshel b Pau

production). | [2504.xxxX]
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Maximum (blue-)tilt

> We take an optimistically blue-tilted power spectrum to assess the maximum sensitivity of GW

experiments. —— mp=10"GeV, Tru=10"° GeV, d=6, A=mp
o The sensitivity plots shown on the right are just 107% 1 gy — EESIGO
illustrative (from GWoplotter for example) ISA
o We perform our forecasts using the signal-to- N LIGO
noise ratio for each detector © ET
71 CE
| frmax 0 0} h2\ 2 — ARES
SNR = frObS/ df( GW(.f"{ })2 ) | — #LIGO
fmin QEw () _ a
U —-DECIGO
0 SKA
Detectors Frequency range Tobs I THEIA
SKA | [10°—4x10"7] Hz | 15 years GAIA
w-ARES [10*7 — 1] Hz 4 years 10-27}
LISA [10-% — 1] Hz 4 years
BBO |107% — 7| Hz 4 years 10700 107 10% 10T 167 10° 10°
ET [1—10%] Hz b years f[Hz] AC, A Ghoshal, D Paul

[2504.xxxX]
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Current GW-axion landscape
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Future prospects

ADMX projection —-==
DMRadio projection -

-ARES ~ ---
SKA -

BBO
CMB-HD

10" 7 === 10%p ——
/L, P Ll 7 /S 2l
- ’ 4/
11 - 11 e el Ia s ' -
/{ decay < IBBN 7 —[decay < —‘!BBN ,“ ’/
A 4 ”
-
r,,,f’ ‘-’,..;f
— - - di" ”
% w2277
-
-~ -
= -i', _'r”
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L7, -
L———""‘- -
1015 Arrnd : ] ] 1013 i -l a0 nannndl__nnrrnand) nnnnnadl__ann oo
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Al Al
mg [GeV] mg [GeV]
18/04/2025

ANDREW CHEEK

18



Where GWs will be able to probe

fa [GeV] fu [GeV]
1(}15 1[]14 1(]13 1[]12 1[]11 lnlﬂ lnlﬁ 1[’]14 1[]13 1ﬂ12 1[]]] lnlﬂ
i, N | ' | I ' 1 Nl '
07 1 0 I |
o i oy R
T 10 1 T 10 o0
R | i G 107 i i
51077 I I e 10T E=1" ) |
S ok | = ber | Ian |
—18 —18
1077k .[ 10777 ¢ I i ARES |
P | | |
]_[]_19 r - b d—6 1[]—1.‘} k -BBO - . | d—
1“—2“ 1 | IBBq] 1 1 1 1[’]—2{] 1 I |I I. 1 — 1 I 1
107 10~# 1077 1076 107 1074 1073 107 107# 107 10" 10~ 1074 107*
mq [eV] mg [eV]
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Conclusions

> Although the axion solution to strong CP problem and dark matter seems simple, the high
energy completions can have phenomenological consequence.

We have shown that heavy quark domination allows for a greater number of models to be
viable. Including those without a domain wall problem.

Axion dark matter as light as m, = 1078 eV can be achieved through a natural set of
parameters.

This corresponds to GUT-scale PQ breaking!
The phenomenological signals of pre- and post-inflationary PQ breaking is now more similar.
We propose using inflationary GWs to learn about heavy quark domination.

o

o

o

o

o

Thanks for listening!
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