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The QCD axion potential and VEV

> Axion T-dependence: QCD generates a potential of the form atice fi: Borsanyi et al. 2016)

7o\ -2
() !
Tgep

where b=~3.92 and Tgcp ~ 150 MeV

Vacp ~ —m2(T) f2 cos<f > where  m?2(T) ~ m? max

> PQV sensitivity: QCD preserves PQ - ensured by Vafa-Witten
Other contributions in general violate it:

V() ~ A%G + Ap Qa & +0(6°)
~anyth|ng else DQCD
The VEV must be small today:

A
Oett ~ —A%Q <1071 from nEDM
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Dark matter from misalignment

> Axion initially frozen at a random 6, € — 7, 7
> Field starts oscillating when m,(T') > 3H(T))
> Generates a DM relic density:

1 2 2 Ma(Tose) 9ss(To) [ To \°
~ — 04
Pa, today 2 % n Mg g*s(Tosc) Tosc
~(0.75 MeV)*4

> Matches the observed DM relic only for a unique
oscillation temperature:

Pa, tod —H
Tosc = 900 MeV (‘““‘V) 617
PDM,today
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PQ violation at higher temperatures?

Large hierarchy at Tosc:

VQCD (900 MeV)

~8x 1077
Voco

> PQ violation more competitive at higher temp.
> However, constant temperature PQV can’t dominate at Tpsc =~ 900 MeV
> Higher m, — higher Tysc — possibility of PQV domination:

Veg 2 Vaco(Tosc)  possible for  m, 25 x 107° eV

~

Some hope of interesting phenomenology?
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Constant temperature PQ
violation
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Constant temperature PQ violation

Possible origins:
> Planck suppressed operators
> Any BSM physics far above T' ~ 1 GeV

General form:

Vpg = —Npgrcos(nf + dpg)

> Already studied in litterature: (Jeong, Matsukawa, Nakagawa, Takahashi, 2022)
> Two distinct regimes
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The two regimes identified by Jeong et al.
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Smooth shift regime
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Smooth shift regime

oL
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Smooth shift regime

Ealier oscillations
— less DM
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Trapping regime
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Trapping regime
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Trapping regime
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Trapping regime

Delay oscillations
— more DM \ /
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Trapping regime

Delay oscillations
— more DM \ /
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Trapped misalignment - analytic solution

> General arguments: m, > 5 x 1073 eV

> DM under-production — Trapped misalignment more interesting
> Trapped misalignment release condition:
oV o0*V
— =0 d — =0
a0 and gz =%
Simplifies to

1
tan byap = - tan(netrap + 6%) —  (n—1) O(1) release angles

nAJ;@ -0.13

> Freedom to choose Tiap — choose DM relic!
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Constraints from nEDM

VEV constrained by nEDM:

nA%
~ P9 i -10
|Oef| ~ m Sindpg, mustsatisfy |fer| < 10

Saturating the nEDM bounds yields best-case DM relic:

62
DatoRy <55 1074l for g, > 1070
PDM,today sin™ (5%)
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Trapped misalignment - numeric solution

DM Abundance without tuning for n=3

1o-Lio> Observed DMabundance ]
107 E
é” 107%F 3
107 No cpv E
107°F  With CPV 3
10-6L — AnaIyFic approxilmation . . i
1073 1074 1073 1072 1071
m_al/eV
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Trapped misalignment - tuned regime

> Results in the tuned regime
from Jeong, Matsukawa.
Nakagawa, Takahashi, 2022:

> Notation:

O = opg
4

.- e

- mife

> 100% DM requires tuning:

Spg <1077
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Temperature-dependent PQ
violation
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Temperature-dependent PQ violation

To improve, we now go to temperature-dependent potentials:
Vin = —Apg(T) x cos(nf + dpg)
Y. Zhang (2305.15495) proposed to generate such potentials from
LD <¢> X Osm
Apg

> Proposed as a solution to DW problem
> Zhang considered only n = 1
> We generalize to n > 1, update constraints, and evaluate DM
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Which SM fields can we couple to?

> Relevant temperature: T' = GeV: After EWSB, before QCD phase transition
> Only fields with m < GeV

> Candidate fermion fields: e, u, u, d, s:

55t
Vi~ — ol (V22
" 6\ Apg

) m3T?cos(nb + dpg) for T < vew

> Gauge boson candidates: Gluons and photons:

L

N 5l
Vin,ce ~ loop factor x 27ra§ (A%> T cos(n9 + 5%)

What about photons? See our paper!
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Misalignment impact of T-dependent PQV

Previous solutions can be straight-forwardly generalized:

1 n
Z/a
4 4 _ 4 V2 q

General solution:

2b

n _ _n—2 n 2b+
Tirap ~ (2‘“’n_2113)‘pé/bm¢lz/bfa * TocpA g, ) !

2

Fix to target of Tiap ~ 900 MeV — DM solution for A%
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Understanding the evolution

The evolution can be understood with effective masses:

m2 = 19V
a,th = a Oa Imin

Allows for easier interpretation of evolution:
> Release condition:

ma(Ttrap) ~ Mg th
> Hubble domination:

Mg, th >3H
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Understanding the evolution

Mass vs Hubble for m, = 107 6V and (5va =1

A B B T T
10°F E
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Understanding the evolution

Mass vs Hubble for m, = 107! ¢V and dpqv =1
B A IO B I B I IR L B A
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Constraints on Fermion Yukawas

The scenario to a number of constraints, investigated by Zhang (2209.09429).
> Coleman-weinberg driven VEV:

4 n 2
. NMcol mf fa E . . ~10
Ot =~ 12 m%ff (ﬂAp@) [In ( 2 1| sin (5% < 10

> Long range interactions:

ﬁ:)ga?faff where gaff:mf( Ja ) sin dper

Jo \V2Apg
9 e—mar
— Wukawa = “Y9a7f At

> Stellar cooling bound on 9aFs
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Example solution: Testable with fifth force

Electron: Value of Apg which yields observed DM densitiy for n=2

1018;- gtrap =1.62, 5% —15 Superplanckian

E

! Ep vi
E Ola+;
1015 Atiop

Astrophysics KSVZ

10* 103 102 10t
mq/eV
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Constraints on gluon interactions

> For GG, The VEV (GG) dominates generates a zero-temperature PQV potential:

fa
ﬂf\p@r

Vicay = —2a, (GG) < ) cos(nf + dpg) Wwhere <%GG> ~ (330 MeV)*

> As before, Vigay — feff — upper bound on A pg <— dominates long range forces
> Viable solutions for m, > 1075 eV: Example:

DM solution for Apg . (10—10
eff

1/2
= f = =2
Upper bound on Apg ) or dpg=3,n

> All non-tuned solutions are close to this nEDM bound
> Warning! Assumes free QCD close to Agcp!
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Summary

> We expanded on existing literature by considering misalignment impact of
temperature-dependent PQ violating potentials
> Take-away points:
PQ-violating potentials can impact misalignment without violating nEDM
If V% is constantin T near T' ~ GeV, and there is no tuning, then
p%%can have an impact for m, > 1073 e

e dday cannot be raised further than few xl()‘

If Vg is T-dependent, is generated by (¢/Aqcp)” x Osm, and there is no tuning, then
axion DM can motivated by trapped misalignment across the m, ~ 107 eV — 10! eV range
all DM solutions found here have clear signals in either fifth-force or nEDM

> What to expect from our paper: Better overview of viable parameters,
monopole-dipole forces, and conclusions on F'F.
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Thank you!

Questions?

Contact

Philip Sgrensen
0000-0003-4780-9088

University of Padova / INFN Padova

philip.soerensen@pd.infn.it

+4530897153
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