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Abstract:

The QCD axion may solve the strong CP problem and constitute the dark matter (DM) ab
(PQ) axions may form axion strings if the PQ phase transition occurs after inflation.
computation of the QCD axion DM mass in this scenario from the most precise and at
axion-string networks, leading to a predicted mass range of 40 - 300 peV. On the othe
compelling solutions to the PQ quality problem, do not generically form strings - except
brane inflation - meaning that there is no unique predicted value for the QCD axion DM
Theory is assumed, | will explain why in broad regions of the string landscape, the mass
~ 0.01 to 10 neV, independently of its DM fraction.
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Outline

Part I : Rapid axion review
Part IT : QCD axion mass prediction in post-inflationary scenario

Part I1I: Cosmology of stringy axions

Part IV: String Theory and Grand Unification Suggest a Sub-ueV QCD Axion

Joshua Benabou (UC Berkeley) What is the QCD axion mass?

Pirsa: 25110076 Page 3/39



Strong CP Problem

Axions solve the Strong CP problem of QCD: why is the neutron electric dipole moment so small?

gor % ge g
QCDh — 3942 ’ S [_ﬂ:a 77]

induces a neutron EDM d, ~ 1071% x fe - cm . Experiment: |0| < 10710

Axion solution: Pseudoscalar a with a shift symmetry a — a + xf, which acquires coupling to QCD:

Credit: Anson Hook
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Chiral PT says axion potential minimized for (a) = — f,0/¢ .

CP-violating term dynamically set to zero.

“Clearing up the Strong CP problem”, JB, A. Hook, C. Manzari , H. Murayama, B. Safdi (2510.18951)

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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Joshua Benabou (UC Berkeley)
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Many ideas to look for axions!
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Lot’s of direct detection experiments coming!
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Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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Axions from a PQ UV Completion

Field Theory Axions: Goldstone bosons of a global U(1) Peccei-Quinn (PQ) symmetry broken at high scale f,.

2 2 /ITZ
Zpo=10@° =2 @2 ) -—]®
2 3
q)=ieia/fa
V2
Axion: a
Radial mode: s

Axion-SM couplings generated by e.g, coupling ® to new vector-like fermions (KSFZ model) or Higgs doublets (DFSZ.).

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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If PQ symmetry breaks before inflation (H; < f))

Then axion takes a homogenous initial value within observable universe.
Axion field

after breaking U(1)py:
——

N

Inflation

B —

=t

alf,= 0.

o

f

Observable Universe Axion is uniform over a Hubble patch

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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If PQ symmetry breaks before inflation (H; < f))

Axion dark matter abundance set by misalignment mechanism:

i+3Hda+my(T)’a=0

=
f,=10'° GeV
. ;=107
0075 01 0425 015 0175 02 0225 025 0275 03
T [GeV]
For QCD axion (assuming radiation-domination before BBN):
5 1.16
5 0, 28ueV
Qh =0.12
2.155 m,

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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If PQ symmetry breaks after inflation (7 > 1)

Then we get axion strings: 1D, horizon-size, topological defects of PQ field.

The axion has a nonzero winding number on any path encircling a string.

Axion a Radial mode s

10

o8

104

102

Axion string
At center of string core (of width m L fa h,|®| =0, soPQ symmetry locally restored.

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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If PQ symmetry breaks after inflation (T > 1)

Strings network enters a “scaling regime” : string length per
horizon & is roughly constant in time.

Radiated QCD axions become non-relativistic and set DM
abundance.

Misalignment contribution is averaged over spatial patches
and subdominant.
1.16
28ueV )

Qh? = 0.12<
mﬂ

JB, M. Buschmann, J. W. Foster, B. Safdi (2412.08699), PRL..

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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AXion emission rate

Axions are emitted with energy density per unit time

radiation from high-curvature region of string

[, =8H> X & X nf>log(m,/H)

T

tring lengthper String tension

Hubble volume

log(a?) [arb.]

Aside: strings can also emit heavy radial modes or SM particles, giving late-time signatures for ALP strings
JB, M. Buschmann, S. Kumar, Y. Park, B. Safdi (2308.01334), Phys Rev D.

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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QCD Axion Strings: Domain Walls

QCD induces a potential for axion which (explicitly) breaks Ul (l)PQ A Nogw, *

Vocp(P) = ma(T)2 fg [1 — COS (N[}wa )] ’ ma(T)z o T-6:68

a

Credit: Armengaud et al. 2019

If Npyw > 1, stable domain walls form when H ~ m, ( ppw ~ 8m, fg/ t,so excluded!).

If Npw = 1, network collapses at QCD phase transition (Toep ~ 100 MeV).

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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QCD Axion Strings: Domain Walls

If Npw = 1, network survives until H ~ m,, , then collapses.

JB, M. Buschmann, J. W. Foster, B. Safdi (2412.08699), PRL..

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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QCD Axion String Simulations

If Npw = 1 and QCD axion is the dark matter, there is a unique m,, that gives correct relic abundance.

Lattice simulations of QCD axion string network find m,,is 10’ to 100’ of ueV.

Kim, 2024

Post-inflation Strings: Benabou, 2024 mem

Saikawa, 2024 ——

Gorghetto, 2020

Kawasaki, 2072
. Kawasaki, 2014 5 - . <
Strings+Walls: Fleury, 2015 Credit: Ciaran Ohare
Klaer, 2017 wm i

Benabou, 2024 we—

Kawasaki, 2014
Npw > 1: TR Beyer 2023
Gorghetto, 2020
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QCD axion mass, m, [eV]

JB, M. Buschmann, J. W. Foster, B. Safdi (2412.08699), PRL..

m, € (45,65) ueV ,ie f, € (8.8-10'°,1.26-10'") GeV

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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3D— 2D projection of axion energy density @

Adaptive Mesh Reﬁnement scale separation logm, /H ~0.3

conformal time 7 ~1

Key technology: Adaptive Mesh Refinement (AMR)
to reach larger log(m,/H) while resolving string cores.

And powerful hardware...

National Energy Research
Scientific Computing Center

o s

pb

JB3, M. Buschmann, J. W. Foster, B. Safdi (2412.08699), PRL.. 2 200.0 Hubble lengths

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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3D— 2D projection of axion energy density @’

Adaptive Mesh Refinement o scale separation logm,/H ~10.0

conformal time 7 ~125

B

Key technology: Adaptive Mesh Refinement (AMR)
to reach larger log(m,/ H) while resolving string cores.

And powerful hardware...

National Energy Research
Scientific Computing Center

£

J13, M. Buschmann, J. W. Foster, B. Safdi (2412.08699), PRL. | i - Y 1.6 Hubble lengths ;

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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QCD Axion Mass Computation

T'wo important contributions to the QCD axion DM abundance:

I. Axion emission from strings during scaling regime

Need good statistics on axion emission spectrum

As far into scaling regime as possible!

I1. Misalignment + Domain Walls during QCD phase transition

|

Need to simulate network collapse at QCD phase transition

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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Axion energy spectra

I. Axion emission from strings during scaling regime ———— ——————

— Fiducial it

We ran a BIG simulation with base grid-size 81923 to

log(m,/H) = 10.

Instantaneous axion emission spectrum:

i ---- Extended IR Fit
ﬁ"\ T == Extended UV Fit.

100

F(k/H) [arb]

i iy
I k‘m = 50H, k[;\r = 7’]&1;7 log (%ﬁ) =95
[ 1 1 1 I

~{5, 2 1

I

1 Data I
Extended IR Data
Extended UV Data |

il - 5
0oy 11 PR AL

F(k/H) < (1/R®) % (R33p,/0k) kH

We measure F(x = k/H) ~ x™ where xg < x < xpy

We find: g = 1.01 £0.01

Extrapolating to log(m,/H) ~ 70 gives m, € (45,65) ueV

100 200 300
L | | '
1.25 F g
i 3
L . L ———— T O ot
= L _A..-—-_,'"..‘..‘L::rr."‘T:-':“':-'"I"”""M“—%—””m"w:_Wi—'u_“ ® " i
0.75 i_ 1 } Data Constant Fit === Gorghetto et al. 2020?
B —— Linear Fit Buschmann et al. 2021 - Saikawa et al. 2024
0.50 L PR [ T (PR I I | I
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What is the QCD axion mass?

Joshua Benabou (UC Berkeley)
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Axion energy spectra

I. Axion emission from strings during scaling regime

Need to be careful about systematics: choice of UV/IR cutoffs, binning in time/Fourier space, etc
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Joshua Benabou (UC Berkeley)

What is the QCD axion mass?
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Domain Wall Dynamics

I1. Misalignment + Domain Walls during QCD phase transition

27w VNN e N L log(m,/H) ~ 9.0
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Not previously appreciated in literature!

Pushes up mass prediction to: m, € (150,280) ueV
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Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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Axion energy spectra

I. Axion emission from strings during scaling regime

Need to be careful about systematics: choice of UV/IR cutoffs, binning in time/Fourier space, etc
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Domain Wall Dynamics

I1. Misalignment + Domain Walls during QCD phase transition
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Warning: don’t take field-theory axions too seriously! PQ Quality

PQ Quality Problem:

U(1)pq expected to be violated in quantum-gravity = PQ-breaking terms can ruin axion solution to Strong CP

4 A e |2”c1)m h
Uz - M2n+m—4 + ..
pl

2n+m 4
_ M
(ay+8~ a2 e
My, Aqcp

No good solution for PQ axions: discrete symmetries? , smalli? , lowf,? ..

Discrete symmetry solutions come with cosmological problems... Q.l.u, M. Reece, Z. Sun (2312.07650 )

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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Credit: Wikipedia

Extra-dimensional axions are compelling! PQ Quality :\

Extra-dimensional axions are zero-modes of higher dimensional gauge fields. |

7y

/

e.g, in type I1B string theory, a 10d theoryon R'3 x X ,

a=[ Cp,
EP

where 2 is a p-cycle of X' and C, is a RR p-form gauge field (p = 0,2,4).
\

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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Extra-dimensional axions are compelling! PQ Quality N ‘ Ciedit Willipeiia

. -
Extra-dimensional axions are zero-modes of higher dimensional gauge fields. £ : \ y

c.g, in type 11B string theory, a 10d theory on R x X ,/ G

=3
a — Cp L) -
E X o £ \u

where 2, is a p-cycle of X and C, is a RR p-form gauge field (p = 0,2,4).
\

Gauge invariance C, — C, + dA,_; protects axion shift symmetry, so axions have excellent PQ quality!

Axion decay constants determined by geometry of X (by the volumes + topology of cycles).

IB, K. Fraser, M. Reig, B. Safdi

One axion per independent cycle. Many cycles ="axiverse”, with rich cosmology! - -
coming soon!

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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Cosmological dynamics of string theory axion strings

JB, Q. Bonnefoy, M. Buschmann, S. Kumar, B. Safdi (2312.08425, PRD)
Key question:

What is the early-universe cosmology of the QCD axion in extra-dimensional UV completions?

Our answer:

1. It's hard to form axion strings ! QCD axion abundance generically set by misalignment.

2. But there are ways ... and networks dynamics can be different than PQ axion case.

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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Part 1V: String Theory and Grand Unification Suggest a
Sub-ueV QCD Axion

IB, K. Fraser, M. Reig, B. Safdi
(2505.15884 )

Joshua Benabou (UC Berkeley) What is the QCD axion mass?

Pirsa: 25110076 Page 28/39



Is there any handle on the QCD axion mass for extra-dimensional axions?
Yes! If the SM unifies into a Grand Unified Theory as in the MSSM, then we expect:

107" eV <my £10%eV  (Independent of axion DM fraction!)

~/

Ileo(fa [GeV])
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Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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MSSM-like gauge unification places upper bound on extra-dim. QCD axion mass

Logic:

1. KK modes with My << Mgt generically ruin MSSM-like gauge coupling unification (threshold corrections).

2. Soweneed Mgk > Mgyt

3. Inall extra-dimensional examples we have checked, f, 2 Mgk . 5

4. Sof, 2 Mgyr! 9 : _
100 108 10'0 1G4 1018
u

GeV

lOg 10

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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Our bounds holds across various extra-dimensional axion constructions

o

- 5d Orbifold GUT (flat and warped)

logy( fa [GeV])
16 14

18 12 10

BHI spinr; ‘ IDMRﬂdiIo—GL;T I AbMX [
- Heterotic string theory for [ CASPEr (SHRE T IRR o——* 5
=
M; > Mgur =
109 2
B
%
8
102 &
- Axions from p-form field, isotropic and “Swiss-cheese” manifolds - E
o
10+ g
102

| 18
iy

—& ;ﬁ
log;y(my, [eV])

—10

- Sample of 2 X 10° type-1IB compactifications on Calabi-Yau 3-folds (Kreuzer-Skarke axiverse)

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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The Kreuzer-Skarke Axiverse

Class of type-IIB compactifications of CY 3-fold hypersurfaces of toric varieties.

Kreuzer, Skarke (0c02240)
CY 3-folds constructed from database of 473,800,776 polytopes of dimension 4.

M. Demirtas, A. Rios-Tascon, L. McAllister (2211.03823)

Polytope CY 3-fold

CYTools

—

A software package for analyzing Calabi-Yau manifolds

CYTools computes, for a given CY 3-fold: topology, overall volume, individual cycle volumes, etc

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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The Kreuzer-Skarke Axiverse

CY 3-fold
We look at axions which are zero-modes of RR-form Cj:
9 == [ C4
4
A KS compactification can contain up to 491 such axions. . - ‘
| QCD axion
400
207
For given compactification, {f,, m,, 8,,,} can be computed . -
exactly from geometric data ) N
Lot o\ 200 4
N. Gender, D. J.E Marsh, L. McAllister, J. Moritz (2309.13145) OV N
M. Demirtas, N. Gendler, C. Long, [.. McAllister, J. Moritz 05t / '/QQ" "I‘f@i? N , 100
,'»‘\ '_@fa\ 1\ ," \
il 10" 1077 10 10°*

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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QCD axion decay constant scaling with extra-dimensional volume

Spacetime
1017 - | |
_ CY 3-fold
x R

2" = Cycle hosting GUT gauge group

SM gauge bosons live in 2 x R with:
10710” 10° 10° 16\5 102 105 M. /=112

KK & 7 ¢

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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Kreuzer-Skarke Axiverse compactifications with 2 4/ axions incompatible with GUTs

1.0 ;
— M, > Mcur
08

0.6 1

04 r

Frac. of compactifications

021

0.0 1 1 1 1
0 10 20 30 40 50

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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Caveats to our bound

1. Anomalous U(1)’s. Axion from mixing between higher-form field and phase of complex scalar ®:
V. Loladze, A. Platschorre, M. Reig (2503.18707 )

R. Petrossian-Byrne, G. Villadoro (2503.16387)

2. KK scale below Mgyt (e.8, 7°¢ >> 1 or from warping), but evading proton decay bounds is a challenge!

LD ec—qqql
3 d° M o K. Agashe, A. Delgado, R. Sundrum (0212028 )
7]
K. Dienes, E. Dudas, T. Gherghetta (9806292)
L. Hall. Y. Nomura (o103125)
X
/ q

Joshua Benabou (UC Berkeley) What is the QCD axion mass?
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Stringy axion interpretation of DESI DR2 evidence for evolving dark energy disfavored

Evolving dark energy from an ALP with m, ~ H, undergoing misalignment: V(@) = m2f> |1 + cos (@/f,)]

—0.70 ¢ = DESI 4+ CMB + Union3

-1 L
~—— DESI + CMB + PantheonPlus 10
~Hlia g —— DESI + CMB + DESY5
10—2 L
—0.80
E b
5 0.8 1051
—0.90F
107 ¢
—0.95
—1.00 1075 ¢
0.0
o 8 10 12 14 16 18
Credit: DESI Collaboration (2503.14743) lOng(fa [GeV])
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