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The Strong CP problem

* Neutron charge compositions:n=u+d+d
* Multipole expansion:

A
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 Neutron is more complex than Atom e-cloud
e« But Exp tells: 4. < 107%° e cm
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* Naive estimate is off by 10 orders
* Fine tuning without anthropic principle excuse
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The Strong CP problem

Og> . ) _

3272
e The CKM matrix fromjwud\A A total derivative, but is

allowed by non-trivial QCD vacuum

G, G = §,K",

« CP violating phase O-p ~ 1.2 radian

e QCD induced CP violating phase, ¢ 7
K" = & (Gl0aGl + 5 FGLGhGS )

0 = 0 + arg |det |M,M,|]

e @is invariant under quark chiral rotation Ao ~ 0x 1071 e cm
* According to neutron EDM experiment n —26
9 P dexp, < 1077 € cm

0 < 1.3 x 1071 radian




The Peccei-Quinn solution to Strong CP problem

 EXperiment requires

0 = 0+ arg [det [MuMd]] < 107 'rad

e PQ: promote the constant A to a dynamical field, a(x)

o Introduce a global PQ-symmetry U(1)p,, anomalous under
the QCD

s d—>a+Kf, 5>+
I 3272

o Vafa-Witten theorem: vector-like theory (QCD) has ground
state (0) = 0

J'd4xGG cancels 6




PQWW Axion

e In 1978, Weinberg and Wilzeck realize there Is an light particle

e It can wash out the unwanted strong CP phase

o QCD axion : mg fg ~ ‘éCD, Neutrino Seesaw: m, my ~ (yvh)2

e |Light particles can probe high scale physics!
®

Jia Liu



PQWW Axion

: : (Ei \
e PQWW axion assumes breaking scale f, ~ Vpw el SUE U@ XUy Elre
. 0, (3.2, + ) 0
In a 2HDM setup. g (3.1, +3) +1
e Axion mass from 100 keV ~ 1 MeV, and the dy 3.1, -4 +1
. . L (1,2, =) 0
coupling strength is large 1/f, ) a »
e Eight scalars: , (1,2, +3) +1
1
e Neutral: CP even h°, H e (1.2, +3) -
e Charged: Hi; / b Nl Yukawa interactions: global PQ symmetry
=1 1 — NG 9 ]
* Massless goldstones (eaten): = |—w+p+in) Ly =5, Q1 Prug + ¥, O Podp + 5, L Preg +h.c.
v+ v WE
Gi GO B 1" HH calar interactions:
’ v V(@,, D) = m] ®TD, + m B, + 1 (PTD))? + A,(D]D,)’
i i T T
* Massless goldstone for PQ: FA(P PP D) + 44(PP)(D; ).
— VoIl Vil
AY = (Axion)

Vv
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PQWW axion to Invisible QCD axion

« PQWW axion assumes breaking scale f, ~ Vpw

e Axion mass from 100 keV ~ 1 MeV, and the coupling
strength is large 1/f
e PQWW axion is quickly ruled out by
e Lab constraints: K* — 7~ + a, J/'PY — Y + a, and
Y > y+a

e Astrophysical constraints: Red giant and Supernovae
e (Invisible) QCD axion: the leading axion models are KSVZ/DFSZ

model with f, > vy



The consistent ChPT axion Lagrangian at meson level

. 1 mc%,() o
o = 4D, m (@) +(0,)00) — —a

a _ 0 d
l +8ay]TF F+ ; (éLkL(a)yMQL + grKr(a)y"qr + )

e ChPT Lagrangian matching U = exp[(v/2i/f.)n°c"]
2 D 2

z Ix 1 1 . _

L= [(DMU)(DﬂU)T ] + By Tr [mq(a) Ut +h.c. | +50,0(0a) - — °a2+gay]%FF

* The axion derivative coupling Bauer et al, PRL 127 (2021), 081803

o0'a
D"U — D"U — —= (k, U — Ukg)
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Why consistent interactions are important?

 The physical results should be independent of auxiliary parameters

qo(x) = exp [ —i(0, o+ K, oV5)C, q(x)

> fa
e The most important channel BR(K — ma) is off by a factor of 37 for 35 years

H. Georgi, D. B. Kaplan and L. Randall, Phys. Lett. B 169, 73-78 (1986)

e Model-independent expression for K — wa and 7~ — ¢ U, a have
been obtained for all axion couplings, only in 2021
Bauer et al, PRL 127 (2021), 081803
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Why consistent interactions are important?

falGeV]

* Prediction for thermal axonana === «» === .«
its near future test by CMB
observation

100

0.30

0.25

% 0.20 150 %
e Thermal axion production (high = E
N:qq — ga,q8 — qa o
Ferreira, Notari PRL 120 (2018)191301 0.05f jzo
° QCD phase tranSitiOn: O.00901 0.02 0.05 0.10 0.20 0.50
D’Eramo, Hajkarim, Yun PRL 128 (2022)152001 Mg eV
* Improved axion-pion scattering QCD axion: m, < 0.24 eV

production: nxw <> a

Notari, Rompineve, Villladoro PRL 131 (2023)011004
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Wess-Zumino-Witten Interactions in QCD

e WZW terms can describe anomalies in QCD, ensuring gauge
iInvariance and completing chiral L

* | ow-energy dynamics of mesons:
e.g. multiple mesons and photons interactions

ny/nin’ — yy,n' = 4n, y* = 3n,5n
* Axion should be involved in WZW interactions systematically,

not only iIn a — y — y interactions

e Raised by Harvey Hill Hill in [PRL 99 (2007) 261601], but not
solved In previous study
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Challenges in axion-meson interactions

* 1. Physics should not depend on the choice of chiral basis

e 2. How to systematically include axion interactions into WZW
terms

e 3. Global symmetry (e.g. PQ, U(1)g) will induce mixed anomaly
to be dealt with
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Global currents and background vector fields

» Background fields can couple to currents of £ py

e Baryon currents U(1)s in neutron star, @ meson

e / boson vector In neutrino dense environment
e SM gauge invariance needs counter terms

, 1 oo U5 UL R PO
o155 = o € v po MY FP odj, x €,,,;A""B

A A

& '

A B
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WZW counter terms for global symmetry

J.A.Harvey, C. T. Hill, and R. J. Hill,

* Generic WZW interactions with counter terms 5.7 00 0.0

PRD 77(2008) 085017

o Vector fields in 1-form: &f; » = A; /p + B; /o
Similar to Hidden Local Symmetry

LwrwU, 1 p) = LwrwU, 1, A )+ L (Apg Brg)

e Counter terms ensures SM invariance

1 3 3 '

e Suitable for chiral gauge fields and background fields
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Axion treatment In three flavor

e D, =0, — ig(A Py + AgPy)

d,a
" o ﬂ
. Hints from quark-level L: D, — D, + i (kLPL + kRPR)

A

o*
. Hints from ChPT L: D*U — D*U — f—a (k, U — Ukyg)
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Pseudoscalars In three flavor

e U matrix for mesons in three flavor

U = exp [(ﬂi/fﬁ)w“t“] = exp [(\/52/]‘})@]

To \}5778"" 210 V2t V2K
P = 27 — g \}5778 + 1/ 210 V2K°
V2K~ V2K jgﬁS"‘ 210
e n’ mass from instanton effect ﬁg—;Gwé*‘” > ; (—ilogdetU —8)°

Axionized T( . a)’ mg Coq fr \°
| agrangian: LopT D ~5 (—zlog det U — chgﬁ> = (770 3 1 a)
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Axion treatment In three flavor

e Vector fields in 1-form: & )p = A + By A, — i 4 WY, Ap = —WOY,
Similar to Hidden Local Symmetry v = =
e Axion 1-form field can be added into background fields:

da

B, r = Brr+Kiyro
J

e 3-flavor ChPT with SM gauge bosons and background fields
po+w V2ot  V2K}

da
by =B +Br =g \ﬁﬂ_ —pPo T W \/§K6k (kL kR)f_7
V2K* V2K, /2¢
a1+ fi  V2a* \/§K:1+ p
a

A =Dy —IDRr=4(g \/Qa_ —a; + fi \/iKZO -l-(kL—kR)f—
V2Ki_ V2K,  V2f,
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The consistent full axion-meson Lagrangian at Aaco

A

e Full WZW: cptull

e FUl &2 2N = | Lr + Loy | (U my@, e + Ky@)dalf,

Bai, Chen, JL, Ma 2406.11948 (PRL)
Bai, Chen, JL, Ma 2505.24822 (JHEP)
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Matching between Z - and Z™"\

dX1011

L i (q, Lo/ J | m,, k; p, cgg) {3eff(q, A 1/r | mg, k; g, Cég) +55€Zno}
5 ¢, 226G C, o1 = Tr)| > =G G
gg471']‘;1 q—>exp[ (6 +K}'5) 88 ]q g K 471_]2
: -
< =
= =
L or+ L (U] mpbeircy) U2V (| L+ LN (U, ot [y Ko ) 40255,
— >
D — 5( — ilog[detU] — 2c¢, alf,)* D — 5( — ilog[detU] — 2¢,, |1 — Tr(x,)|alf,)?

o Important: consistency for any K, rotation
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Comparing 2-quark flavor to 3-quark flavor

Z ett.0(q0, My 0, K7 0 K )

a
l C]o=eXP<—lC ’CqOst)C]

geff(qa mcp kL’ kR)

» L .x(q, m,, k;, kz) + 0L
. a
qg = exp [l (6q + qus) 7]q

matching
surygojew

\/ \/
full — r— g7 / / /
ZLion = ZprUm, o g+ Ky pda) U= U UUg L pr(U m), oo + K pda)

>
+ Lwaw(U.my, A + Ky pda)

+ 0L Wow

Z eﬁ-‘(% AR ‘ m, ky ks ng) { Zz eff(q’ AR ‘ mg, ki p, Cég) +6Z," }

5e 5966 e [1-Troe)| 2 466
_— c,,a C — 1K) | ——
&8 471' f;l q— eXp [_l (6q + KqYS) jf ]q o ! 47[ fa

£z z

S S

(o] _.

& G

v v

;
[3 pr+ Q%WI (U, g ‘ my kg c,) U~ UUU

¥ {[gPT'i'gng%W] U'Q{L/R‘m ki c ég)+532\l{fl%w}

D - 5( ilog[detU] — 2¢ g[l Tr(x )]a/f)

T .
> — —( - ilogldetU] - 2c,,alf,)’

+Z %&lfléw( U,mg, o+ K pda)

e Typically, people eliminate GG term by chiral
rotation first

e [n our 2-quark flavor, only prove quark chiral

basis invariant without re-introducing GG term

Bai, Chen, JL, Ma 2406.11948 (PRL)

Jia Liu

o Important: consistency for any K, rotation

» Topological charge density (GG) integrated out

« aGG term can be matched directly to n’ mass
term

Bai, Chen, JL, Ma 2505.24822 (JHEP)




Gerard 't Hooft UV-IR anomaly matching condition

 The anomalies of global symmetries must match between the ultraviolet
(UV) and infrared (IR) descriptions of a QFT

a, a _ ~
D,
e Ja g — exp [—i (6q + qus)

& = Anomaly

S S, Matching

< E

S 0Q

[gm + ggggwl (U, o | m,kypc,) U~ UUUL { lzm + zgﬁléw] (U, o5 ‘mgl, ki Che) XL 05w |
Gerard 't Hooft D ; ( —ilog[detU] — 2¢,alf,)? D ; (- ilog[detU] - 2c,,[1 — Tr(x,)|alf,)?
ano _ . ano
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Consistent physical amplitudes

eff
e Auxiliary rotations are cancelled = “wy = “WZW T Cano T Z Cptpa

:7‘-0777777,
a < %&lfléw Z )a(IIl)%
- - - - - = C oY
w/pylZ y/a)/p(j/LL ylwlpyl/Z
(a) (¢)
~egN(cjQa — cfQa+ c;Qu — i Qu — 2Qucygkq — 2QuCqgk)
CWZW = 16721, ,
. _ _9N(Qdkacgy + Quhiucyy)
ano 87T2fa Y,
L egNe(Qa — Qu) L egN,(Qq + Q) . egN(Qa + Qu)
" W2fem? " W6 fm2 43frm?
2v/2 1 1 2v/2

C, = —C,., + —C Cr/ — — —Cpo Cor .
n ns 70 n 8 o
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Consistent physical amplitudes fora — y — w

e 3-flavor results

eff ngegivc(Qd | Qu) 2 2 2 2
I 2 , —
cm = Y 2fa( ;?,, %)( g 727,) ma( mn -+ mn 3m7r)

i — )+ 2 | m.m, — o ® 2-flavor results

( \m? nen
C ech Qd - Qu m
+ g9 T m2 2 2 2, — 3 2
T T e R
2 (12 2 2,2 off — o d 88 3 My “u— Ca m,—my _mg ! 2
+m, (my —3mg) + 2m,,7,m7r} Cor Y 82 T 8y m2 — m? y )T G m, + my mZ — m2 T 1672f Cat o= 26)
egN. L R L ry 9Mmi(Qq— Qu)(cg —cf—cp+c)
T 487T2fa {3Qd(cd o Cd) + 3Qu(cu o Cu) _ mg — m%
2m2(Qgq + Qu)(ck — B+ ek — B + B — cb)
m2 — m;Z
m2(Qq + Qu)(ck — cff + b — cf + 2¢k — 2c8) }
2 _ 2
mg, —ma
egN.0m>m?

- —3m? 2 1 9m?2, L R
247r2fa(m(21 - m%) (mg — m%)(mg — m?),) {( 3ma T m77 T mn ) [Qu(cu cu)

—Qulck — )] — (m? — m2)(Qu — czu>} .
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Complete vertex in Mathematica notebooks

[0 README &3 MIT license
2

1 maO
3 f£.0 — QO(ZD }/’“—m O)q() —+ _(a a)(a'”a) ’ Clz . ,
o 8 ’ 2 2 WZW Interactions of Axions
0 d
U

da ~ a -~
+gag,O_GG + ga}/,O_FF +

gk, or"ar + qrkg ov qr + - -
Ja 1, f, ( )

What is it?

In this work, we implement the routines to derive the relevant axion WZW interactions with the ground-state
(axial-)vector mesons and electroweak gauge bosons and calculate the relevant hadronic decay widths derived in
2406.11948 and 2505.24822. We also provide the routines to plot the hadronic axion decay widths under different
parameter schemes of the user's choice.

These notebooks are based on the open-source Mathematica notebooks written by Maksym Ovchynnikov and
Andrii Zaporozhchenko introduced in 2310.03524 and 2501.04525.

Dependencies

To run the routines, one must first install FeynCalc and xAct-xTerior.

https://github.com/nun3366/Axion-WZW-3

Repository structure

The main routines are implemented in main.nb , with the basis modules defined in the notebooks stored in the
folder notebooks . In addition to the axion/ALP mass m, and axion decay constant f,, the user should specify
seven other parameters: the axion couplings to gluons c,, and left/right-handed u/d/s-quarks cﬁjﬁ/ *. The major
contribution of this work, the details of auxiliary parameter cancellation in the effective axion WZW couplings, is

implemented in WZW_axion_interactions.nb .
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Summary

e A full chiral axion Lagrangian for axion and pseudoscalar/vector mesons
full full
¢ galyldon — [3 yPT + 7 Vl\leW] (U’ mq(a)’ /4 L/R T kL/R(a)da/fa)

e 1. Wess-Zumino-Witten counter term is included for gauge invariance

e 2. ’Hooft UV-IR anomaly matching is achieved

e 3. Consistent physical amplitudes without auxiliary rotation parameters
* Three light quarks scheme: consistent treatment with n’

e 4. Demonstrates two ways of resolving aGG are consistent. Work for
any chiral-rotation.
e [mportant for Axion/ALP searches via mesons.

e All calculation machinery provided as Mathematica code in GitHub.
or Thank you!
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