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The QCD axion and the Strong CP problem

0g?
32712

« The CKM matrix from M, ,

» CP violating phase 0-p ~ 1.2 radian

L D —

GG — (a,Mug+d,M,dz+h.c.)

» QCD induced CP violating phase, 6

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

e @is invariant under quark chiral rotation dSDM ~0%x1071% e cm
e According to neutron EDM experiment dgxp <107%% e cm

0 < 1.3 x 107!V radian



The axion effective Lagrangian at quark-level

 Axion can couple to SM gauge bosons and fermions

gALP _

nucleon coupling ,CP' Neutron electric dipole
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The axion effective Lagrangian at quark-level

* A more detailed effective Lagrangian

| 1
geﬁ‘,o — qO(ZD//t}/’u_mq,O)qO + E(aﬂa)(aﬂa) — A

2
a _ a _ 8ﬂa
+gag,07GG + ga},’O.f_FF + f

(Grkr or"qr + arkpor"qr + ---)
Bauer et al, PRL 127 (2021), 081803
e Quark mass m_ , diagonal and real

» Coupling to both left/right fermions K; ;and K



la Liu

The axion-dependent chiral rotation

e Use an axion-dependent chiral rotation to eliminate aGG term
Bauer et al, PRL 127 (2021), 081803

, a
QO(X) — eXp _l(aq,O + Kq OJ/S)ng f;l Q(X) Tr(Kq,O) =]
* New effective Lagrangian
. 1 mc%,() o)
Z ot = qUD,y"—m (a))q + 5(3,,,61)(9”61) - d
a  ~ aﬂa _ _
+8,, Il + <QLkL(a)7'u qr + qrKr(@)y"qg + )

Ja fa



The axion-dependent chiral rotation

e Define the chiral rotations (2-flavor for simplicity)
0, = 6%0 — K, U, =exp [—iHLa/ fa]
Or=0,0+K,, U, = exp [—iHRa/ fa]

* The relations between parameters

m e—ZiKM,chg 0
m(a)=UmU,—-| °
q L O0~R —20K;(Cop

O m,ne
d,0 Anomalous axion contribution

k,(a)=U'[K; o+, 0, o)lU, = K; o+ ¢,.0; g
L ’ 88 ’ ’ 88 ’ gay — gayo — ZNCngTI- lekq,O]



The conS|stent ChPT axion Lagrangian

Lo = q(iD,r"—m (a))g + (a a)(0"a) — ;0 2

- 0d.a
l +8ay]TF I+ ; (éLkL(a)yMQL + grkp(a@)y"qg + )

e ChPT Lagrangian matching U = exp[(v/2i/f.)n°c"]
f a1z T 71 Mao 5. a4 -
L1 == |DUDU) | +FByTr |m @)U +h.c. | +-(0,a)0a) - — P

P The aXIOﬂ derlvatlve COUplIﬂg Bauer et al, PRL 127 (2021), 081803
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l
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The importance of consistency

* The physical results should be independent of auxiliary
parameters

qo(x) = exp | —1(0, + K, o¥s) q(x)

ng f
a

 The most important channel BR(K — ma) is off by a factor of 37

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

e Model-independent expression for K — na and 7~ — ¢ U,a have

been obtained for all axion couplings Baver et al, PRL 127 (2021), 081803
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Wess-Zumino-Witten Interactions in QCD

e Describing anomalies in QCD
 Ensuring gauge invariance and completing chiral L

e | ow-energy dynamics of mesons
e.g. multiple mesons and photons interactions, 7, — yy

szw(U, .AL,.AR) = F()(U) -+ C/TI‘ {(.ALOZS + ARﬂg) — %[(ALOZ)2 — (AR5)2]

— T
+i(ALUARU@? — ARUTALUB?) + i(dARdUTALU — dALdUARUT) a=dUU
+i|(dAL AL + ALdAL)a + (dARAR + ArdAR)B| + (A7 + ARB) ﬂ — UTdU
— (d.AL.AL + .ALd.AL)U‘ARUT + (d.ARAR + ARdAR)UTALU

+(ALUARUT Apa+ ARUTALUARS) +i |ASUARUT — ALUTALU — %(UARUTAL)z } .

iC i N
PO(U) = —g - Tr (a5) = 9402 Pz *BPCPE Ty (aAaBacaDaE) ;
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Global currents and background vector fields

» Background fields can couple to currents of £ b

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 J7EN UL R PO
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WZW counter terms for global symmetry

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

e Generic WZW interactions with counter terms PRL 99 (2007) 261601,
PRD 77(2008) 085017

o Vector fields in 1-form: ;. = A /p + B}
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 as a fictitious background field

2

| m;
P .= aliD v*— —(0 aVota) — ——* Yang Bai, Ting-Kuo Chen, JL, Xiaolin Ma
ot = 40 ul mq(a))q T 2( s a)o"a) 2 ¢ - 24l(‘)6.11948 e
a = aﬂa _ _
T8y (quL(a)VMCIL + qrkr(a)y qg + )

Ja Ja
e D, =0, — ig(A P, + AgPp)

0d,a
. Hints from quark-level L: D, = D, +1 a (kLPL + kRPR)
. oFa
. Hints from ChPT L: D*U — D*U — i— (k, U — Uky)
fz | . I i [ a0 0y, @pp
3;(PT = 9 _(D”U)(DMU) ] | A ByTr [mq(a)U + h.c._ +3(dﬂa)(0”a) > a +ga},]7FF
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Axion treatment as a fictitious background field

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

e Axion 1-form field can be added into background fields:

da
3rr = Brr+Kpro—
Ja
e 2-flavor ChPT with SM gauge bosons and background fields
.ta
A= —Wo— +—W°Y,, Ag = —W°Y,
Sw 2  Cw Cw

_ o p() \/§p+> / (CO ) da

By = By + Br = kro+Kkgo)—

v = B+ Br 8(\/§p_ —po T8 o ) (kLo + R,O)f

+
SA — 'BL— BR =g (\/%ll_ \/_iaal ) +g/ (fl fl) +(kL,O_kR,O)%
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The consistent axion Lagrangian at low energy
e ChPT:

2
2 — f—2 | f2 1 0 a —~
XPT ; Tr [(D*U)(DuU)'] A IBO Tr [my(a)U" + h.c.] + E(a““) (d*a) ; a*+ = Y ot ct, Foty v F“,zv

® FU” WZW g%%W(U, ‘Q[L/R) — gWZW( Ua ‘Q{La tQ[R) + c>?C(’A&L/R’ -BL/R)

o FUlZ: LM = | Lpr+ Ly | (Uimy(@), ol + K@l
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Matching between Z_ and £\

dX1011

Z ott.0(q0, M, 0, K 0, Kg )

a
l 6]0=6XP(—ZC Kq()?/sf)q

geff(Qa mqa kLa kR) +> geff(qla m/qa kia k}{) + 532110

da
‘'=explilo. +kK ) —

?:D q P _l ( q q}/S f— q E

= =

O

2 =

-

= e

Z xion = prU.my, A e+ Ky pda) U’ = U, UUj Zpr(U'smy, A g+ Ky pda)
- >
+ L (U, m,, o p + K pda) + L (U m/, o/ p + K pda)
4 §.pano
WZW
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Effective Lagrangian for axions

 |[nitial effective Lagrangian:

_ . 1 0
Lot 0 = LM + go(ilp —my)qo0 + = (dua) (d*a) "a a’ + Cgp yp quvG +

2

2( 2

e Eliminating aGG term:

q0 (x) = €Xp —i(‘sq,O + Kq,O'}’s)ng

* New effective Lagrangian:

Lot = Lsm +qilD g —

1

g my(a)qr+h.c.|+ 5

19

a(x)
!

~ (Qua)(9ta) — a0 g2 4 &
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Auxiliary chiral rotation for effective Lagrangian

 Chiral rotation without regenerating aGG term Tr(lcq) = ()
g = exp [i (5q + qus) a/f] q
o | eft/right rotation matrices

018 = 6q + K, ULir = €Xp [_iHL/Ra/f ]

e Mass and coupling shifts

m; = U'm, Uy, Kpp=U (kyp+0,2Ur=Kyp+0,p

* Chiral basis change for effective Lagrangian
Z (g, my, K, k) = Log(q',my, Ky, Kp)+027

20



The axion anomalous interactions

5L = — § | Lywzw + ZLe|(0,,6p)

* The exact expressions

e Covariant derivative D

%ﬁzd

_BL,R — ZAL,R

» Covariant field strength: F = dA; — iA?

Jia Liu
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The axion anomalous interactions

5L = — § | Lywzw + L[ (0,,6p) A
* The exact expressions %)
A

8 [Twzw +Tc] (81,0r) = _2%% / Tr{ 0, |3(dAy, — iA})? +3(dA — in})(DBL) + DBLDB,, — - D(B})

+iBy (dAL — if2)By — i(dAL — ih2)B? } _ (L& R),

e Covariant derivative DB; p = dB; r — iA; jB; p — iB; RA; ¢

» Covariant field strength: F = dA; — iA?
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The axion anom [ ons
6L = =68 |Lwzw+Z[ 0,0

* The exact expressions

8 [Twzw + ] (61, 0z) = 4%% / {6,

+ ilBL(dﬁ\L — ZA%)BL — i(dAL - IA%)B%-

e Covariant derivative D

p—
—

3, g =d

.
f §

_BL,R — ZAL,R

3(dAL — in2)? +3(dAL —iA2)(DBL),

} _ ‘

» Covariant field strength: F = dA; — iA?

Jia Liu
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Effective and Chiral Lagrangian matching
ZLei(g, my, Ky, Kp) = £ pr(g, m, K, Kg)

e [he correspondence

2

Lot = Lsm +qilDq— [quq(a)qR+h.c.]+5(8ua)(8“a) 5 @ ‘5‘]7 ) comFapFy +Z
A 2
2 ; f2 ; 1 my, o 2 | @ UV
LypT = gTr (DHU)(DLU)'| A 2 By Tr (my(a)U" +h.c.] —I-E(Bua)(a”a) 2’ a —I-? Zcm%Fﬂlqu%
7

* The anomalous matching condition between UV and IR

a —
ano — Uv
2 ypT B z,cﬂlﬂzFﬂlﬂy F%
“ o,
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Effective and Chiral Lagrangian matching

geff(Qa mqa kLa kR) — 3flﬂ1 — )(PT(Q9 mqa kLa kR) + g{}\l/%W( Ua <Q[L/R)

axion

e [he correspondence

. 1 m?
Lt = Lom+qiPg— g my(a) gr +h.c]+ 5 (Jua)(9¥a) - — "> + 7

2 2
Loy = %’t Tt [(DHU) (DuU) ] 4 ]:fBo Tr [my (@)U +hc] + %(aua)(a“a)

' Z %&II%W(U A p) = LwrwlU, A, A )+ L (Apg, Brg) '
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Consistent matching between £ and Fh

bD q/ p— exp _i <6q qu5> ﬁ q
- : f.
E
Q
<+
:
L wion = Lypr(Umy, o + Ky pda)  U'= U, UUg
S
+ Lyzw(U. m,, g+ Ky pda) +

Z ott.0(q0, M, 0, K 0, Kg )

a
l do = exp( — 1, quysf)q

ZLesr(q My Ky, Kg) —————— Lop(q’, my, ki, k) +0757

20

dX1011

suryojew

ZprUmy, Ay p + K pda)
Fl U m), ol  + K] pda)

ano
H0ZL WZW
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Consistent physical amplitudes

e A consistent Lagrangian will give physical amplitudes
iIndependent of auxiliary rotations

e Full WZW interactions are important for a-A-B amplitudes

/ /

a < f}rﬁ%\S\S\) a 20

—_— = — = _— — _‘_ —_—
w/pylZ y/a)/p;.Z]‘L ylwlpylZ

(a) (b) (¢)

/



Consistent physical amplitudes fora —y — y

o Auxiliary rotations are cancelled

4 Y
ocz‘/pfull pano ’\S\S\)
aA << wzw a 7PT

d 71'0
—_—— - —— — . — — @ —
w/pyl/Z y/ a)/pOZ//ZLL ylwlpylZ
(a) (D) (¢)
e’N. 2N
adydy: cww =0 adydy: Cupo = 48ﬂ2}12(Q3Ku+Q3Kd) mdydy: cmy = 18727, 6v2(Q; — 07
M (a — yy)(auxiliary) = CF x (cano + 0,1 Cr T CWZW)
_ 2 _Nc 9 o) o fyz . ) m,K, — mMgKy 2_ [ )
=CF X e {487:% 12(0;;x, + O x,) l\/zf _(Ku K)ps — 2 e ﬂ_ 2 487:2]”,, \/_(Qd Q; )}

kK, +x;,=0

2 2
Jia Liu P = My, ple




Consistent physical amplitudes fora — y — @

o Auxiliary rotations are cancelled

4 /4
full
a Ly, a 3;%%,\5‘5\) a

- - = — - <. LZ/L - — - —
w/pyl/Z ylwlpylZ ylwlpylZ
(a) (b) (c)
. - —eg'N, —eg' N, : _ &N —

ad®dy: Cwzw = 4872 f 6(Quky + Quky) ad@dy: Cano = 4§ft2f 6(Quky + Qaiky) Tod0dy: Cry = 4872 f 6\/§(Qd Ou)

M (a — wy)(auxiliary) = CF X (¢, + 0, Co + Cyrpy)

- —N. f- - ) MK, Ky l _

= CFx et | oy 2Ot Q) ﬁf«m P = 2 ) 48ﬂ2fﬂ 6V2(Q, - Q, )

— 0
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Consistent physical amplitudes fora — y — Z

_ . N, 2¢?
e Auxiliary rotations are cancelled  : =gz, 30+ 08 =3k~ 6K +4s
Y

0 2, : S 4

S — _ — — - Z/Z/L _ — _‘_ —_
w/pyl/Z ylwlpylZ ylwlpylZ

(a) (b) (c)
—2¢N., : _ —e’N,
Cwaw = gy (0+28) MdYdZ: Cry = oy V2(

M(a — Z*y)(auxiliary) = CF X (¢y + 0, i+ Cypi)
_ _ . Ja m,K, — Mgk l
= CF X _CWZW + Copo 1 l\/zf ((K‘u — k)pZ—2 p——— m%) - X €
— 0

Jia Liu
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Consistent amplitudes for three point vertex

2
2
eff 0 ecgg( 10 2mu_md my

el = 0 4 —— - < m
e\ 3 m, + my; m2 — m2 16722f m2 — m2 S

—C 3 m? c —C m —m m? 1
Ceff _ eg, 88 a u d u d T |
“r { 8n’f  8r’f [m,% — m; ( 2 T e m, +mym2—m2|  1672f Ca+ o= 26)

—3c 1 m? — — 2
off g9 . C, — Cy m,—m,; m; 1
¢t =¢
Pr g{ 87f  8mif [m,%—mg ( 2 ) +ngmu+md mg—m%] T 1672f (3CQ_26”_Cd>}

N, ¢ 62 2 _ B 5 ,
67 =yt e ——(=9+205) — ¢ Jx My Ca”Cu_  My"Mg Mg N, 2e
ST Su V2f 4872f sy,

c,+ 2c,+ 3c
m—m2 2 ®m tm m2—m? (€ 26,4 3¢0)

e Vertex @ — ya benefit from large g’ ~ 5.7 > ¢

" kL,O — {CQ, CQ} kR,O — {Cu, Cd}



Phenomenology at BESIIl and STCF

e New channel ee™ — y*(J/¥Y) - wa

/ 2 / 3 2 i,
cf(42) = €8 Cgg g, Seg'Coe m, — my Z A; M} e'”
@Y q )= m

87 m2 — g2 — ix/q2T, nzf m, + my m2 —mg = M? — q” — i\/q* T/ q?)

* The model satisfies partial Vector Meson Dominance, therefore
we can use form factor for y* — w — a

e The differential cross-section

do(ete™ = w a) alc, (qz)\ [m + (m —5)% — 2m2(m + 5) ] ,
— (1 + cos 6)
d cos 6 64f2s?
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The decay of axion

My, m

T . I T
- < g -
N\ /\ o ¢
a AT
a ,

a 19,

|

1

]

I
I]
=
—
1
|'
:
1
]
1
1
1
-
1
1
[}
1
1
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:
1
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1
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[

e Previous work (PRL 123 (2019) <
031803) use Hidden Local
Symmetry to describe pseudo scalar

[—"
S
(\®
I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| [T T
d
;\
=

(—
\)

meson + vector meson interactions 107 =
107 i -

e Assume axion mixes with 7z, 7, i’ 0 ~— 5 E
e Use data driven method to obtain 107 : V
form factor o7 L b LT ] S

3
Q
@D
=

 Lacks first chiral rotation contribution from 275y

e Lacks full WZW contribution from EQ%W
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Light axion phenomenology at BESIII and Mil;w ())IV=

10% ¢

Br(a -» X)

P -

‘,‘ STCF

(el [TeV_l]

|
o, : STCF
S P " (disp.)

03 04 05
m,[GeV]

e Production eTe™ — y*(J/¥Y) = wa

e Prompt decay: a — yy

| BR(J/y — wa) mjz/yf .
e Displaced decay of a BRUIy = eo) ~ 32ma | =iy
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Summary

e A full chiral axion Lagrangian for axion-pseudo-vector meson

e \Wess-Zumino-Witten counter term is necessary for gauge invariance

e By = Bpr + Kypdalf,
e UV-IR anomaly matching is necessary

e Consistent physical amplitudes without auxiliary rotation parameters

e New search channel involving @ — ya vertex at BESIII & STCF

e Future plan: extending to three light quarks scheme

Jia Liu 30



Backup: Vector Meson Dominance

a—y—-v

) aigjgm
- _ _ _
w%%m
4
()

4 . pojj!\f\fh}/
+%‘.\M
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Y Y

(d)
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Backup: axion related WZW interactions

. Convention |[d*xe,, ,A*B*0"C° = | ABdC

G ( 2e”
sy ys, = — | da {i(kd + 2k, + 3kp)ydZ + eg(ky + 2k, + 3kp)yda, — eg'(k; — ky — 2k,)ydf,

f J S2w

2

>
teg(k, — 3k, + 2k,)ydp, — eg'(ky + k., — 2k,)ydw - Sj [(kd + 4k, + k,) — 252(k, + 3k, + 2ku)] 7dZ
2

\%Y%
/

¢ [(kd 4k, + k) — 252 (ky + 3k, 2ku)] Zda, — <8 [kd — ke, + 52(=2k, + 2k, 4ku)] zdf,
Syw Sow
€8 2 eg’ 2
[ 3k, — 3k, + 252 (k; — 3k, + 2ku)] Zdp, [3kd — 3k, — 252(k, + k,, — 2ku)] Zdw
Syw S2w

+g°(k, + 2ky + k)aydpy + g8'(k, — kpadw + gg'(k, — ky)fidpy + g2k, + 2ky + k,)fidw

| 3 )
g2k, — 2k, + k)podp + 288"k, — kpode + g2k, — 2k, + k)ordo | ;g (k, + k)WEdp™
AY

W

2
€g T It .+, € —~
= (kg + 4ky + k)a¥dW* + g*(k; + 2k, + k)a*dp™ + S_z(kd + 4k, + k)W dW+}
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