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The strong charge-parity problem

The strong CP problem asks why there is no observed charge-parity violation in strong
interactions despite the SM gauge-group allowing it

o -
Lop=0-"G0,G1Y
goi Q7 ur~a

Predicts an electric dipole moment of the neutron
(and others)

dp = (244+1.0)0 x 10 % efm
Observations put this down to || < 0.8 x 107
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The strong charge-parity problem

The strong CP problem asks why there is no observed charge-parity violation in strong
interactions despite the SM gauge-group allowing it

o -
Lop=0-"G0,G1Y
goi Q7 ur~a

Predicts an electric dipole moment of the neutron
(and others)

dp = (244+1.0)0 x 10 % efm
Observations put this down to || < 0.8 x 107

In fact, the observable depends on

0 = 0 + arg (det M,,)

Two independent phases cancel out precisely, 6 <1071°
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The Peccei-Quinn Mechanism

A new, spontaneously broken, global U(1) symmetry proposed by R. D. Peccei and H.
R. Quinn (1977). Referred to as U(l)pQ, breaks at some scale ~f,.

Complex scalar field

A ‘
L= (9,0%)('P) +m*d*® — 1@2@*2

Symmetry breaking leads to a non-zero
vacuum expectation value

2m? ., Expand around new
e minimum
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The Peccei-Quinn Mechanism

A new, spontaneously broken, global U(1) symmetry proposed by R. D. Peccei and H.
R. Quinn (1977). Referred to as U(l)pQ, breaks at some scale ~f,.

Complex scalar field

A ‘
L= (9,0%)('P) +m*d*® — 1@2@*2

Symmetry breaking leads to a non-zero
vacuum expectation value

2m? Expand around new 1 L
<QQ|(I)|QQ> — TEH mn‘%mum ¢ — E (fa + O) 6[

Weinberg and Wilczek independently realized that this implied the existence of a new
boson, the axion (1978).
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The Peccei-Quinn Mechanism

The CP violating term now has a dynamical 8 parameter

a G(tglﬂ) s (o G,u,y _ 9( ) Ga, G,u,y

oft fo 8m M 8r M
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The Peccei-Quinn Mechanism

The CP violating term now has a dynamical 8 parameter

Ge, Gl =6 (t,x) =>G2, G

8o MY

QCD generates a potential for the axion field.

This potential dynamically drives the

dmymy 5 N6 field to cancel the CP violation term!
My + Mmg)? sin’ 2 g0

Vaen(0) = —m?rf?\/l 1
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The Peccei-Quinn Mechanism

The CP violating term now has a dynamical 8 parameter

Ge, Gl =6 (t,x) =>G2, G

8o MY

QCD generates a potential for the axion field.

This potential dynamically drives the

dmymy 5 N6 field to cancel the CP violation term!
My + Mmg)? sin’ 2 g0

Vaen(9) = _m?rf?%\/l T

Also generate the mass of axion M [ MyMyg 6 oV 1012 GeV
ma = ~ e
/N \/Q(mu Tm? PN TN
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Misalignment production of axion

Equation of motion for a scalar in expanding Universe

( & 3H (1) ) O(t) + M2 () sin(0(t)) = 0

de? dt




Misalignment production of axion

Equation of motion for a scalar in expanding Universe

2
(% + 3H(t)%) 0(t) 4+ m2(t) sin(6(t)) = 0

/ \ 1 for T' < Tqep ,
0(t) = a(®)/fa T e {

T _4
) for T’ 2 TQCD ;
Tqep
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Misalignment production of axion

Equation of motion for a scalar in expanding Universe

de? dt

[Julia Stadler] / \ 1 for T < T.
V(g) V(9) V(9) or 1 < Jlqcp,
NPAVYAVY O(6) = alt)/a ma(T) ~myx{ ¢ 7\~
. ( ) for T' > Tqep

Tqep

( & 3H (1) ) 0(t) + m2(t) sin(6(t)) = 0

Temperature —
[D. Marsh, axion cosmology]
T T T

The initial field value is random |
- N = ! Axion field redshifts
S . — | —— like a matter field at
’ % ! late times
| | - Oogr | oo g3
o 0 . o Paxion

I | 1
10t 10?
Scale Factor a/a;

—_
=]
©
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QCD axion as dark matter

[K. Saikawal]

Misalignment production in standard cosmology

end of inflation

__________________________________

PQ symmetry
2 7 /6 restoration
9' 28 eV g‘ symme
Qah2 ~ 0.12 ! L i - - PQbr:;aking:ry
2.15 Ma
QCD phase
_____ transition
In the post-inflationary breaking you expect <~ & == _ & . 6y ____
random 6; in range [—m, ).
Take random values in each Hubble patch i . ater a0
, \ phase transition

T ; \
0, =/(62) = —-~181 —> =2.15 : '~.
V3 e A S

Anharmonic
corrections

18/06/2026 ANDREW CHEEK 12




QCD axion as dark matter

isali ion i 2 [GeV
Misalignment production in standard cosmology o qge JadoeV] 0o aon e
2 7/6 —14 [ /
0, 28 peV L ‘
Qah2 ~ 0.12 : a - » “4
2.15 Mg, >
g 10—16_
. . . = Axion dark matter
In the post-inflationary breaking you expect = 6 =7/v3
random 0; in range [, ). 10754
Take random values in each Hubble patch - | | | | |
16 1 (Vi I Iy LG 1074 107
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.

s LGeV]

2 7—/6 1015 1014 101 1012 1011 1010
0; 28 eV - ' - . .
Q.h% ~ 0.12 :
a .
2.15 My, szl
L
i 1016
=
=
e
—20 i ) . . .
9710 107% 1077 1076 1075 10~ 1073
mq [eV]
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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 consequences,
o Thermal axion contributions to dark radiation.
o |socurvature bounds on scale of inflation. o T T~ ST T —

o LGeV]

10%= 10™ 10! 102 1™ 10%0
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Axion dark matter: a simple solution

o The QCD axion provides an elegant solution to two big problems in fundamental
physics.

o It explains why there is no observed CP violation in the strong sector.
o It has two potential mechanisms for producing a dark matter relic.
o All comes from the anomaly term

Ge,GH a------ ~1/fa

> QCD and cosmology do the rest.
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Axion dark matter: not so simple

a - ~1/fq > ————- - <




Complicated by completions

" a(t,r) s 0 ~uw
Fot = T T gp Cw el @ mmmmee Oi - <i

UV completions must involve strongly coupled particles.

KSVZ: SM fields are U(1)pQ neutral

DFSZ: SM fields are charged under U(1)pQ
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Complicated by completions

" a(t,r) s 0 ~uw
Fot = T T gp Cw el @ mmmmee Oi - <ij

UV completions must involve strongly coupled particles.

KSVZ: SM fields are U(1)pQ neutral

Introduce heavy quarks which need to decay

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

a(t,x) as ~
I = —— G GHY g oo S
o fa r M1 * Oi' <i:/

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 +

See family dependent DFSZ
\ | models by P. Cox et. al
| [arXiv:2310.16348]

These problems can be avoided with pre-inflationary PQ breaking

18/06/2026 ANDREW CHEEK 20



https://arxiv.org/abs/2310.16348v2

Domain walls

> Topological defect where two (or more) distinct vacua are separated by a potential

" /7 TN ———_ domain walls
{a) i VNJ} () Y & —>T

<\. - 5 Sabin : \‘\

e | *

- \\ 4_FP"\/:\A
: - 5 R
x‘uﬁ_% ..h“"‘-\_q} o & + \ + /I

- = ey g \\ ,\__ g
- . 3 S e
[CTC outreach]

- Stable domain walls scale like (scale factor) ™2 so can quickly dominate the Universe.
> Much effort has gone into getting domain walls to decay or be destroyed.
o | think its interesting to first explore models where this is not a problem.
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Post-inflationary KSVZ

Lo — @(t,.’L‘) aSGa épy R ¢
off = f gy mva a ------ > mm----- Q
Q

KSVZ is my focus today because there are simple models without a domain wall
problem.
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Post-inflationary KSVZ

Lo — &(t,.’L‘) aSGa épy R ¢
off = f gy mva a ------ > mm----- Q
Q

KSVZ is my focus today because there are simple models without a domain wall
problem.

NB: Q is the new “heavy quark”, not SM left-handed quark doublet (q;).
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Heavy quark disaster

- These new Heavy Quarks (HQs) thermally freeze-out, like dark matter (if stable).
- Strongly coupled dark matter is ruled out, and m,, is typically too high!

Lpq = 0,2 + QiPQ — (yoQQr® +H.c) |Somy ~ fg
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Heavy quark disaster

- These new Heavy Quarks (HQs) thermally freeze-out, like dark matter (if stable).
- Strongly coupled dark matter is ruled out, and m,, is typically too high!

Lpq = 0,2 + QiPQ — (yoQQr® +H.c) |Somy ~ fg

> Unitarity bound says anything above m, = 100 TeV will overclose the Universe.

10720 E E . 1015 1014 JIGOILGeV] 1012 1011 1010
Griest + Kamionkowski _ [Sm)ér_n% 54%?285? . . . . .
2 102! arAlv: .
PRL (1990) i 10 :
3 102 ; 10— ]
_I'_' 1073 E \> >
I ©@ E L 10-16 F
AIGHT B 10724 (@]
= E S Axion dark matter
=3 0L = 0; =7/V3
;: 10—18 s
5 10
Effective cross section 3
10’27 'RRET] M A R RET L PR 10—20 1 1 L . .
1 10 100 1077 1078 1077 1076 1077 10 1073
Mpy [TeV] mg [eV]
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https://arxiv.org/pdf/1904.11503

Heavy quarks must decay

o Let’s look at the symmetries,

Lpq = 0,2 + QiPQ — (yoQQr® + H.c)
L e
U1} =U)g, x UM, xU(D)y - U(1)pQ X U(1)g
o Must introduce Q-breaking term
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Heavy quarks must decay

o Let’s look at the symmetries,

Lrq = |0,9° + QiDQ - (yoQrQr® + H.c)
\/W_*J N
U(1)3 = UL, xU(1) g, XU1)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
1 —— (1 1 .
Ry:| 3, 1,——) and (e, xr) = <_,__>—> In this case,
3 2° 2 decay
impossible!

SU(2)y



When to break a global U(1)?

o Quantum gravity conjectures tell us to expect global symmetries break before the Planck scale!

PQ breaking

oo d

DD ek

d=5 k=1

Luv

At dimension 5, this is enough to ruin the
solution to CP problem.

Axion potential

D=

18/06/2026 ANDREW CHEEK

1015

1014
1013
1012
1011
1010
10°
108
107
106
10°
10* .23
10° 2 (g (% s |22z 2|22 |2 2|73
10° olzlzlelelz|ale|alelz|az|s

10! MENZNEZNZ| E 2 E

1094

,fﬁ [GeV]

= = - - - - = - - -

T T

]IOIIII 1 112] 1I'3;I]l4[]|5|1|61 11'7] 1I8I]l9[2|0
Dimension, D
[arXiv:2606.14098]

T
9

100

101

1072

1073

104

1073

P (|9eff| < 10_10)

AC, A. Fowlie, G. Herrera
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https://arxiv.org/pdf/2606.14098

When can we break U(1),?

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 Rs: (3,3, —1) @_RqLHT 5.1-10°%(g2)| 14/3 | 3
R3:(3,2,4+5) | Qpar |65-10"(g1)| 5/3 | 2 | [Rr:(3,3,4+3) | QparH [6.6-107(g2)[20/3]| 3
R4:(3,2,-2) | Q.drH' |4.3- 1027(91) 17/3| 2 L. Di Luzio et. al. (PRL)

18/06/2026
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[arXiv:1610.07593]

29



https://arxiv.org/abs/1610.07593

When can we break U(1),?

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
Log=LG + L5 =L+ ——F0%" +he.

A(d 4)
Decays are suppressed by o\ d—4
powers of A, and A # f,,. Ty, = ma o
4 (4n)P T (ngy — 1) (ny — 2)! \ A2
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https://arxiv.org/abs/1610.07593

Use Standard Cosmology

Decay terms are limited by Assuming A = Mp, _—
_ _ ) , o 102 10° 102 10-* 10°¢ 108
1) Ensuring misalignment doesn’t overproduce V7] ' — - - '
axions Laeeny |
107 F — d=5 d=7 Q.h? > 0.12
. _ for pq 00
2) Ensuring Q decay occurs before BBN FEM “AQ
approximately gf ]
~ 10 F
7 < 0.01s
Preferred axion models decay via dimension 5 at 108 < Q
most! s . & \
0 10* 108 108 1010 1012 10t 1016
Put forward by Luzio, Mescia and Nardi in PRL 118 (2017) mq [GeV]

3, 031801 and PRD 96 (2017) 7, 075003.

18/06/2026
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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/PhysRevLett.118.031801
https://doi.org/10.1103/PhysRevD.96.075003
https://doi.org/10.1103/PhysRevD.96.075003

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,—1%) Qrdr 19.3-10°%(g1)| 2/3 | 1 Rs:(3,2,41) | QpurH [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,+%) Qrqr 6.5-10%(g1)| 5/3 | 2 R7:(3,3,+2) | QrarH [6.6-10°"(g2)| 20/3 | 3
R4:(3,2,-2) | QodrH' |4.3-10*"(q1)| 17/3 | 2 | LoDiLuzioetal

[arXiv:1610.07593]

From here, can determine distinct models from PQ charges

Renormalizable Dimension 5

Oy =MyQdg, for (xz,xr) = (0,—1), Model A, | OF —%‘PQQLCZR, for (xz,xr) = (2,1), Model D,
Of :yl’qHELQR’ for (XL’XR) - (170) Model B, (9§)H ZHGRQLHT(D, for (xz,xr) = (2,1), Model D,
OFf =y2,42Q 1 dr, for (xz,xr) = (1,0), Model B, )\Sd

0¥ s ® Qrdp, for (xi,xn) = (—1,—2),  Model C. 05 === 8@N2Q,dr, for (xr,xr) = (—2,—-3), Model E.
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https://arxiv.org/abs/1610.07593

Probing preferred models

Preferred axion models decay via dimension 5 at

most!
Npw =1
T . Ja |GeV]
KSVZ I . (3, 17 1/3)7 Or 100 1012 1011 1010 109 108 107
KSVZ—II: (3, 1, +2/3). - |
101
KSVZ — 1 Re Ok
Cp,
o < 1072 { @y,
Mass mixing of Q and SM quarks < lmer
myg 0 0 0 !’.iR — 10—3 ]
- T A 0 M 0 0 SR
(do 5L b Qu) | 0 mp O br | D
, __ _ | 104 sd .
Ya.dfa Y2.5fa Y2.0fa M Qr —— bd Q, = Qput
10-5 bs (misalignment) SN1987‘;\\
Leads to flavor changing decays, strongest 105 10 100* 10 1072 100 10°

mq[eV]  [arXiv:2305.00018]
Alonso-Alvarez et. al.

constraint being from K* - nta

ANDREW CHEEK 33
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https://arxiv.org/pdf/2305.00018

Probing preferred models

With cosmology?

NDW — 1 101&94 1I02 190 10I72 1Oi4 1976 10I78
Tiey
KSVZ—1: (3 1, —1/3) ok I - 6 01
KSVZ-IL: (3,1, 42 /3). - oF s >
Of :MdGLdR': fClI‘ XL&XR) — ([] _1 _
Of =y1.aHdLQR, for (xr,xr) = (1,0),
Of =y24®Qrdr.  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

N (9|le Ad\H\2a ; for ( )= (0,-1) 104 106 108 1010 1012 1014 1016
. == LYR; or (XL:XR) = s L)y GGV]
O%H _2d LHT‘:I', for (v, =(2,1), meq [
: )«A - e = S O|®| d\‘I’| Qrdg, 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),

18/06/2026
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https://arxiv.org/pdf/2411.17320

Probing preferred models

Preferred axion models decay via dimension 5 at

most!

Of :MdGLdR':

Npw =1
KSVZ—1: (3,1, —1/3), 0

KSVZ-IL: (3,1, +2/3)

for (xr,xr) = (0,—1),

Of =y1.aHdLQR,
OF =y2.4®Q . dr,
O(Fi =13, r;(I>T(_2Lr_IH.

0P _)‘3“(@*)2%@, for (xz,XR) = (—2,-3),

18/06/2026

for (xr.xr) = (1,0),
for (xz,xr) = (1,0),
= (—1,-2),

5 models for each

for (xz,Xr) KSVZ model type

for (xz,xr) = (2, 1),
O 24| HPQ dp,

for \ =(2,1),
(XL XR) { ) O|¢)| d\@l 0, dp.

ANDREW CHEEK

Q decay

for (XL:XR) — (O’ _1)7
for (XL;XR) — (07 _1)7

)\
off :%‘I’HdLQR for (xz,xr) = (0, —1),

~
“~
N
~
~
~

Axion? T~ _
Dark radiation?
SM boson?

[arXiv:2411.17320]

AC + Ui Min
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https://arxiv.org/pdf/2411.17320

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

18/06/2026 ANDREW CHEEK
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http://class-code.net/class.html

CMB disfavors some models

Decay Model A | Model B | Model C ‘ Model D | Model E
PsM
3 9 Y2.d Y3.d A2.dfa A3.dfa S
r 1) = — - 2 (Y ; : ) 00
(Q — ad) 32?TC mo /2 /2 A A - )
3 )‘1 fa, )‘2 fa ’
NQ — Hqp) = ———C% e A —
@ ) 32m e A — A —— A= Mp;, BRgy = 1/2
r 1) = - C)' 3 _— Y2.d Y3.d N ﬂ == A= Mp, BRgy =1
(@~ aad) 25673 @ 2fa 2fa A =8l SNy 1 e A =10 GeV, BRey = 1/2
. 1 23 Ad
I'NQ > HHdd) = Wc mo A _— _— _— —_—
_ 1 2 3 Al A2g
I'Q - Hqp a) = 51%3(3 meo A o - A —
, , y2.dfa Y3.dfa Ao.af? A3.af?
Ma Ma NG /2 2\ 27
[arXiv:2411.17320]
AC + Ui Min (JCAP)
8/ 4\ 3
3
_ SM ([ Pa
ANg =4z (=] +nNM}b Lo
7\ 11 PR

18/06/2026
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https://arxiv.org/pdf/2411.17320

CMB disfavors some models

Decay Model A | Model B | Model C | Model D | Model E CMB - Model E
IB constrain —— Mode
N(Q - ad) = ——C?mq, o y2.d Y3.d Mdfa | Msdfa —— Model A ~—- Models B and C
82m V2 V2 e = — Model D
3 2 )‘l,qfa )‘2,qfa
I'Q - Hqp) = 327,—6 me A Yq A _
2 Ya.d Ys.d
I'Q —aad) = 5563 szé — 2/, 2
R TP Ad
I'NQ > HHdd) = 256?36 mo A o o o
_ L s | A A2q
I'Q - Hqp a) = 512?1’36 meo A o - A
Y2,dfa Y3.dfa Aoaf?
.'nl.!.r .'nlI - . :
d d /2 NG 2A
[arXiv:2411.17320]
AC + Ui Min (JCAP) s e — e —
8/ 4\ 3
3 —
_ SM | Pa 101
ANt =17 (ﬁ) TN s Gev
PR mq [GeV]
18/06/2026
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Preferred axion models too restrictive

o Constraints on heavy quark decay terms assumed standard cosmology
o lgnored heavy quark’s impact on cosmology

» M 102 GeV T
m, eV
- 0104 10? 10° 1072 1074 1075 1078
Ty
107 - — d=5 — d=7 Q,J!.Q > 0.12
— d=6 for psm > pg
= 10*HE
g 2
SURRPY i R
1072 BBN A
AAIHHIHIHIDGSGSGOS
1075 h s
10* 109 108 100 1012 104 1016
meq [GGV]
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Preferred axion models too restrictive

o Constraints on heavy quark decay terms assumed standard cosmology
o lgnored heavy quark’s impact on cosmology

pQ 1010 ( mQ )2 1 MeV
M 1012 GeV T

my [eV my [eV]
10% 102 100 10 - | ]10*4 1076 1078 10* 104 10V 1072 104
1010 T T T T T T 1010 T T T T T
Q,d
Tty oo K
107 — d=5 d="T Q,h% > 0.12 107 — d=5 d=7 Qah? > 0.12
for psm > pg — d= for psm > po N
J— —
— 104 N > 104 L :l:
g : I
— — '8 REECT T _J_Z?sc N \\\\'
~ 10! & 10ME| T L Q:\\\\
P CELLLET LAY 4
\\O: \\\\ .......
10-2E 1072 ¢ BBN N y |
N N
M\W\ N
1075 4 , 6 3 10 12 14 16
4 106 108 010 012 1014 1016 10 10 10 10 10 10 10
o [GeV] 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
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Heavy quark domination dilutes (),

- We were the first to point out » . M [eVl s L 10
: 10 10 10 10 10 10 10
the axion models themselves 1P e e
could provide early matter B Standard Cosmology, d < 5
domination. 103 % BBN. A = Mp
1
o Plotting band of different initial
angles 6; € [2 \/_] < 19-1
c
: : 1073
> Dimension 6-7-8 now are Early Q domination
viable. 10— N - Em -3
N (=7
o . . 10—7 L AN Ll e T | — | R
MOre aXIOn mOdels avallable 1010 1011 1012 101‘3 1014 101J 1016 1017
and parameter space. mo [GeV]

AC, J. Osinski, L. Roszkowski [2310.16087]
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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]

18/06/2026 ANDREW CHEEK 43



https://arxiv.org/abs/2310.16087

GUT-scale PQ breaking

Previously taken m, = f; and A = Mp| fa [GeV]
1015 101/1 1013 1012 1011 101()
Can relax this and obtain order of magnitude @ e 111 L
lower mass.
10—1/1
The plot shows dimension 6 models -
o
The point with smallest m, corresponds to: = . .
@) 10
_g 10—17
f,, = 4 x 10 GeV =
10
mgy = 4 X 1011 GeV ;
A =4 x 108 GeV 1077
10—20 N P | N " ssaal " . PP | - 2 i sl . aal N ras
107 109 107 107 152 1074 1073

myq [cV] AC, A Ghoshal, D Paul

[2505.04614] (PRD)
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GUT-scale PQ breaking

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

1013 ¢ ‘ il ’ Tdccay < TBBNV

1014} " _ 1017
= " 1p-1] —
% 16 %

10-16}
S S 100
G
= <

10-18}

1015 ¢ e ADMX
10~ %
CAPP
10-20L s s . L e 3
10-° 10-° 107 10-° 10-° 104 103 "
il A | s M o oaoa el N M M B A
e [5Y 08 109 1010 10" 1012
mo [G'E‘V] AC, A Ghoshal, D Paul
[2505.04614]
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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 QL dr (¢4 eR) 2.2 x 10%
3 1 8 32/3 1 6 urYuerdry" Qr 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)
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GUT-scale PQ breaking & Npyw = 1

: — — . |GeV

Previously taken mq = f, and A = My, s g kML
Can relax this and obtain order of magnitude 1012 |
lower mass. ol

10
The plot shows dimension 6 models = 1071
_ _ > ?
The point with smallest m, corresponds to: G 107
—g 10-17
s |
f, =4 x 10 GeV 10715 |
mQ = 4 X 1011 GeV 10-19 [
107? 1078 1077 107° (i 10—+ 1073
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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. The only models that survive have no
detectable dark radiation.
) fa [GeV] fa [GeV]
10%? 10" 10" 10" 101 101 10t 101 10t 10" 1ot 101
10716
W
O
-
ﬁ 1016
o107
1078
10—19
10~ “)Ls l()‘"T 1(;—1; “)‘75 l(;" 1 10-3 107210()’” 10I’8 1()"7 l()"6 10"5 10I’4 1073
mg [eV] My [eV]

Both scenarios have the same phenomenological output.
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Primordial GWs as a tracer of HQD

o These are tensor perturbations from inflation,

its power spectrum parameterized by —— mp=10"GeV, Tey=10" GeV, d=6, A=mp
1073 ppy [ DECIGO
. L\ "T Planck18 + BAO BBO
Pj‘?“m'(k) = Ap(k) (—) 10-7 LISA
E. E LIGO
107+ T ET
o Current constraints on tensor to scalar ratio W CE
(:]:: 10-15} 1 —ARES
A B BN alIGO
r=2L -0.036 S -0 U - DECIGO
As e SKA
. . ) . . 10-23} THEIA
o The tilt n; is determined in vanilla slow-roll GALA
inflation to be n = —g. 10-27}
10—31 f L . f N '
1071 10°7 107% 107! 107 10° 108
f[HZ] AC, A Ghoshal, D Paul

[2505.04614]
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Where GWs will be able to probe

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

experiments.
Ja [GeV] Ja [GeV]
10" 1014 10" 10%2 10" 101 10" 101 10%3 10%2 10" 101
T ! 1 !
10 | | | 10 ! | | |
10~ = ' l I 10~ 14 _ ! | |
| 0 |
7107 I ! 710715 I !
- 5 - 5
Y 1o0-16L l ! ISA L 10— : L le
5 10716 | I O, 1077 I e
E 10— 17; ./ | iSI{;\ | 7&‘ 10- 17; I |
= . | = ber | I12%A |
10718} i | 10718} I | Ries i
i pi—ARES b I
—19 _ lﬂ_’ I —19 _ I l . l
1077 | | [(d=6 LU ool | | [(d=7
102k R L R ol L —— R |
10* 10°°% 1077 10°° 10°° 1074 1073 107 10°° 1077 106 105 104 103
mg [eV] mg [eV]
AC, A Ghoshal, D Paul
[2505.04614]
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Conclusions

> High energy axion models have phenomenological consequences.
o Heavy quark domination makes more models viable. Including some without a
domain wall problem.

- Axion dark matter as light as m, = 1078 eV can be achieved in post-
inflationary breaking without adding additional fields.

10 1014 10138 1012 10t 100 10-3F
_— P — d = 5, ‘\ = 1.[ BRSM = 1 10 10
1052 —_—p d=06, A= Mp, BRgyy=1 - Lo
Y’ 7107
- |
S 1048 - . 10
0% P e N N - & 107 g
el “ - G o g-10
[=] — 10
% § 107t
Q. A/ - -
1044 1071 10 231
1071 10
1040 1 ! 1 L 10-20 g . - . . : 3
10 20 30 40 1079 1078 107 10°6 1075 T 1073 10%0-10 10

u = log (a/ainitial) me [eV]
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Axion dark matter: Testable?
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Axion haloscope experiments

o These experiments try to convert the axion dark matter in the local environment (the halo) into
photons. [Sci.Adv. 8 (2022) 8

- - - o

b
f- - - E
- Frequency [MHz]
B, . 10% 104

Magnet

Classical Sea of Axion-photon
EM field virtual photons interaction 10-10
o The use microwave cavity inside a strong magnetic field. TR

—_
[=1
|
ra

o Conversion is resonantly enhanced when w = m,,.
- Even when E = 0, pion contribution gives an effective g,,

a 1 E E |
a E - 1 . 92 4 ] T ' T T T T T T T
g Y 27T fa (N ( )) 1076 10-;1a (V] 1074

[C O’Hare, AxionLimits]

|8ayy| [GeV™

o

o
|
=

—_
[=1
|

po = 0.45 GeV cm 3
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Big Bang nucleosynthesis (BBN)

Decays of heavy particles can disrupt the

delicate balance of BBN.

DECAY

Hadronic | I [Radiative
Partons Photon
(quarks, gluon)

Charged leptons

! Energetic '
\ 1
Energy-lossf - === == —-—— === = — = — | »
| | Energy-loss |— ——————— -
! Y Y v
p==n Hadronic |Eleclromagnetic|
[Interconversion] [ Shower J Shower
Hadro- Photo-
Dissaociation Dissociation
[arXiv:1709.01211] ¥
..........................
! 1
. 4He D, 3He, BLi, 7Li !
! Destruction Destruction ]
+ 1
1 [ D, 3He, 6L, 7Li
Production

18/06/2026
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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 —Tonpo — (cv [n2 — (nH! 2} . 4
T Q@ —T'gng — (o v) |ng — (ng)
Q deCay 9" r a g9“
- < . r/”«?m% g¢ I % g
IR . decoupling decay ., et a
Axion? A X TaXion < TQ | E\-r)((;iv:];OBS.IALS(;;R]E)more

Dark radiation?
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Q decay after axion decoupling?

o The answer is model dependent

—— TP Q ——— Model A Tdecay
T S g Tro | === Model D Tyecay
Tizilﬂ-lplmg ——— I\;"_[Odel E Tdecay
E 1010
]
: Q decay
=
z
é ].Ufi g ) A > ~
= ~
10* ation
Dark radiation ~.
0T e o g
mo |GeV]|
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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) :
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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

18/06/2026

- n
(BEEomy (1 _ ) |

TNg

—3Hng —Tgng — (o v) [nQQ — (ng})ﬂ :
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Heavy quark domination

> For these higher dimensional Q decay

models, the heavy quarks will dominate " 107 10° 107 1t 1000 107°
the early universe. Y N
107 F — d= d=17 Q.h% > 0.12
. . . —_— = for psm > po
> This alters the misalignment il
mechanism [Steinhart et. al. (1984) + = 10t} (%
Lazarides et. al. (1990)] S | , |
~ 10t & BRREREET T T e A \\‘“‘\i}?\\
AR RVANRNY A
o Wg sh(_)w Tosc, temperature when o=2h  mex G )
axion field oscillations begin W
10—5 h &
- 104 108 108 1010 1012 10t 106
3H (Tosc) = Mg (Tosc) mq |GeV]
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Inflationary gravitational waves

For astrophysical gravitational waves, one works in linearized gravity

g#” — :'?Fl’ + h#m |h,u,v| < 1
In cosmological settings, the background is expanding
ds® = a*(n) [—dn® + (6ij + hij)dz'dz’]
The resulting wave equation is (problem 6.4 Baumann’s book)
his + 2Hhi; + k*hij =0

When treating the quantum fluctuations of tensor perturbations during inflation, one
obtains the following power spectrum

rim k "
Py (k) = Ap(k) (k_)
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Current constraints on IGW

The precise form of the power spectrum depends on the specifics of inflation.

rim k "
P (k) = Ar(k) (k_)

Tensor perturbations (GWs) alter the polarization of CMB photons

1

(:uil(
Current constraints on measurements of B-modes in the H““’"\"“H"T /
CMB constrain the ratio §

cold

Cartoon illustrating that the anisotropic stretching and compressing of space by

T a gravitational wave creates a temperature quadrupole and hence leads to CMB
"_i‘“' — { [] . []36 polarization. The two polarizations of the gravitational wave produce polarization
4 of the CMB photons with a relative angle of 45°. This is why gravitational waves
S produce both E and B-modes, while density perturbations create only E-modes.
r

The tilt n; is determined in vanilla slow-roll inflation to be n, = — 5 but there are

numerous alternatives to this relation, string inflation... ekpyrotic... particle production at
reheating
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Forecasting IGW signal to learn
about axion models

We take blue-tilted spectra and project the sensitivities of future experiments

Lo 10—3
10— {gBN B BBN )
Planckl8+BAQ e - Planckl&+BAQ W)
6
I L ., ]_0 Lilall fF
BS54/ CchB-Bharat Il -

F.
APTE-54 U N B-BITarat

— mg =10 GeV,Tgy = 10° GeV,d=6,N =My

10-10 107 10-4 10! 102 10 108 10710 10-7 10~4 10! 102 10° 108
£ [Hz f [Hz]

(a) np =0 (b) np = 0.5
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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, Tr=10'0 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
> We perform our forecasts using the signal-to- N LIGO
noise ratio for each detector mo ET
71 CE
| frmax 0 0} h2\ 2 — ARES
SNR = 701,5/ df( GW(-f"{ ) ) . #LIGO
Jmin QE‘{R?‘”(f)hz | . 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 1076 107 107 10T 102 10° 10°
103 Hz AC, A Ghoshal, D Paul
ET [1-10%] Hz 5 years f1Hz] Do 0t
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Current G\W-axion landscape

18/06/2026
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Future prospects

ADMX projection N === u-ARES -==BBO
DMRadio projection -—-—LISA -== SKA ---CMB-HD
Wz e 7.7
1 ’—:7 z” I”z/
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A-,-""’, J’,l,’:’,’,,
= — = 10% L eozim"
8 e CCD'J ,.;l‘-{;" /,/
&~ ~. , )
15 . -~
-~ A< 10 0 -
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g /, -ﬁ"——-‘—_ /,/ ‘<
10? 1010 10t 1012 10? 1010 10! 1012 1013 10
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