Axion in chiral perturbation
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2102.13112

Consistent treatment of axions in the weak chiral Lagrangian
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We present a consistent implementation of weak decays involving an axion or axion-like particle in
the context of an effective chiral Lagrangian. We argue that previous treatments of such processes
have used an incorrect representation of the flavor-changing quark currents in the chiral theory. As
an application, we derive model-independent results for the decays K~ — 7 aand 7~ — e .a at
leading order in the chiral expansion and for arbitrary axion couplings and mass. In particular, we

find that the K~ — 7~ g branching ratio is almost 40 times larger than previously estimated.

40 !?
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Naive formula

MKt ->nta) = MKt > ntn®) x 6,, ?2??

11! THIS NAIVE FORMULA IS WRONG !!!

Two things we should know:
1. Octet enhancement (AI = 1/2 rule)

(SpyHuy)(upy,d,) gives octet (adjoint) and 27-plet operators in ChPT.
Octet contributesto K* —» nta
Only 27-plet contribute to Kt — 7tr®

2. Mixing angle is “basis-dependent”. Not physical!
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1. K - ntrin ChPT
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Chiral Perturbation Theory

* Spontaneously symmetry breaking

SUBR), X SUR)g = SUBR)y  U— g,Ugh

Chiral symmetry Meson field

L _fn o, uakyt
0 _Ttr[ u ]

Ly =a (tr [auuaﬂuT])2 + aytr|9,U0,UT|tr[0#vavUT| + astr |9 vomuTo,U0vU T

Ly="

» Explicit breaking of SU(3); X SU(3)x

« Light quark mass
» Four-Fermi operator from weak interaction
» (Electromagnetic interaction)

Those can be treated as VEV of spurion.
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Light quark mass in ChPT

« Spontaneously symmetry breaking

SUBR), X SUR)g = SUBR)y  U— g,Ugh

Chiral symmetry Meson field

L _fn o, uakyt
0 _Ttr[ u ]

« Light quark mass term

uv Linass = mijCIZiCIRj +h.c. mi; : (3; g) of SU(S)L X SU(S)R

2
ChPT [, = fl Botr[mTU + mUT] Normalization B, is determined by meson mass

mass
mz = Bo(my, +my)
$ m12<i,0 = By (mu,d + ms)

my = Bo(my, + my + 4m)/3
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4-Fermi operator in ChPT

* Spontaneously symmetry breaking

SU3), x SUBR)g = SUB)y U - g,Ugp

Chiral symmetry Meson field

Lo = I o uonut
0 _Ttr[ u ]

* 4-Fermi operator

4G _
Lipermi = T;VudVJs (sLyuuL) (upy#dy) + h.c.

uv

ChPT Lapermi =77
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Group theory for 4-Fermi operator

See, e.g., 2102.09308

0y = (@uev*qu) (GuytaLy) Fierz identity : 0 = 0/'= 0}/= 0}
i,j,k,l=ud,s

ij and kl are symmetric indices. Possible choices are 11, 12, 13, 22, 23, 33.

. 6-plet
Total number of independent 0, : 36

01?1 are in reducible representation of SU(3),

— 6X6-274+8+1

[9/22]



Group theory for 4-Fermi operator

See, e.g., 2102.09308

1 1, 1
(S_LV/,LdL)(u_Ly#uL) = (S_LyudL) <§ (upyHuy) + c (dLV”dL) + c (S_LV”SL)>
8-plet
3 4 1, 1
+ (SLyudL) T (upytu,) — < (dyy*d,) — < (SLv¥sL)
27-plet
G Gr 2
_ ﬁVuqusggf;(LHL“)gz -5 ViaVas927 (ngLfl‘1 + §Lu21L§‘3> + h.c.
L, = iUd,UT
Kaon decay measurement ——» gg =~ 4.99, go7 = 0.253 [1107.6001]

I['Ks —»ntn,2n°%) » T'(K*T - n™n?), octet enhancement a.k.a. Al = 1/2 rule
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2. K - main ChPT
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Simplest case (KSVZ axion)

EFT with light quarks

L = iqy*d,q —myqq
— Standard model

4G . _
+ [ﬁ VuaVus(Spy#dy) (ugytug) + h. C-]
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Simplest case (KSVZ axion)

EFT with light quarks and axion

L = iqy*0,q —mgyqq

1C — Standard model
F _ -

+ [E ViaVusSrytdy) (urytuy) + h. C-]

J \

1 2 Yyy®a . sy B A '
+5 (0ya)” + F?FMVF + ant GG — KSVZ axion

—

In general, we can add (d,a/f)(qy*ysq) coupling in this basis.
See, e.qg., DFSZ, variant axion, flaxion, ....
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Simplest case (KSVZ axion)

EFT with light quarks and axion

L = iqy"d,q —mgyqq

1 — Standard model
F _ _

+ [_\/E VwaVusSry#d) (urytuy) + h. C-]

J \

1 2 Yyy®a . sy B A '
+5 (0ya)” + F}—CFWF + ant GG — KSVZ axion

—

In general, we can add (d,a/f)(qy*ysq) coupling in this basis.
See, e.qg., DFSZ, variant axion, flaxion, ....

Let us take a new basis :

qua
4= exp{———7s )4 Ky +Kg+Ks =1
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Simplest case (KSVZ axion)

EFT with light quarks and axion in a new basis

. B 2ikga Kq _ ok
L = iqy'9,q —meqexp| ——=—vs Ja+ = (%.a) ar'y’q

4GF (i(Kd - Ks)a

+ ﬁVuqus exp f > (spy#dy) upy*uy) + h.c.

1 2 Ewaa ~
+E(0ﬂa) + ??FMVF”V
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Simplest case (KSVZ axion)

EFT with mesons and axion
L = flztr [D UD“UT] + ﬁB tr lfﬁTU+ UTm]
4 H 2 0
i(’cd - Ks)a

f

+ [% VoaViss s €XD ( > tr| 25 (D UT) OFD)] + 1 c.]

1 2 éwaa ~
+ E (6Ma) + F?FMVF”V

,0,a
Note that D,U = 9,U + l%(KU + Uk)

[16/22]



Simplest case (KSVZ axion)

EFT with mesons and axion

L=%t[ fit

r|DUDHUT| + Z-Botr [mTU + UTR|

i(kg —Kg)a

+ [% VoaViss s €XD ( - )tr | 250 (DUT) O*1)] + 1 c.]

1 2 Eyyaa ~
+ E (0Ma) + ??FMVFMV

,0,a
Note that D,U = 9,U + l%(KU + Uk)

1/f GFVud Vusg8

« Mass mixing between a and 7%, 7 v
« Kinetic mixing between a and 7%, 7 v
« Kintn® K*mTnvertex 4
« K*mta vertex v v
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diagrams

T '
K~ 988( K~ 988( K~ gs
— — — 2
0 e, T
78 ‘a / ‘. A\
a’ a’

g

a

2102.13112 pointed out d,a in tr|1,4 (D,UT) (0#0)
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Scheme dependence term

T s i
K- 98 K~ 98 K~ 98
70 %, 0 .
a a” a
Gr 7 mz 1 1 2
——=—mgVyqV; X 0| —- —=Ky —SKgt 3K +K, + K
\/Efa KVudVus9s m}z{ 3 U 3 d 3 u d

« Each diagram is “scheme-dependent”.
« Total amplitude is “scheme-independent”.
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A simplified case

mz > m2, m?
ks =0,
Ky tkg=1

a

G 1
iT%ggvudnsTf[ k(0K (0nH)a + k(0K )mt(da) — K~ (dn*)(9a)] + h.c.

nJa
iGp 1 mz
$ A= NG —9sVuaVus 5+ fnzfa (Kd + Ky t+ 1) T

This result does not depend on the value of k,,(kx,)
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A simplified case

mz > m2, m?
ks =0,
Ky tkg=1

i(Kd _ Ks)a>

tr|2sa (DUT) (O*0)] + 1 c.]

ff L T

L&gSVuquS#[ kg(0K™)(0nt)a + k, (0K )n*(0a) — K~ (0n*)(da)] + h.c.

V2
iGp 1 me
$ A= NG —9sVuaVus 5+ fnzfa (Kd + Ky t+ 1) T

This result does not depend on the value of k,,(kx,)
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Comparison

[Bauer, Neubert, Renner, Schnubel, Thamm (2021)]

1 m
Az_l_an u

VisJg X =mi
VZ o 498 X T X oy + )

0.16

[Georgi, Kaplan, Randall (1986)]

The correct A% is 37 times larger than Gerogi-Kaplan-Randall.
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Backup
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Chiral Perturbation Theory

SU@3), X SU3)g = SUQB)y U- g,Ugg M- g Mgp

2 2
Loneson = X tr [DUDHU] + %B(,t,r [Mtu +Utm], fr =93 MeV

Z

\/ﬁm) ’irﬂ/\/i-i- 770/\/6 ,K+ [{+
U = exp (— 7 - ) ; = e -n0/vV24+1°/v6  K° ,
- K~ K° —27°/\/6
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Group theory for 4 Fermi operators

Tensor product

sug tensor products

383 = (6)59 (3

33 = (8)a(1)

3®3 = (6)s @ (3)a

623 = (I5)a(3)

623 = (10) @ (8)

626 = (15)s @ (6)s © (15)a
63 = (10) < (8)

63 = (15)& (3)

656 = (2708 1)&(8)
626 = (15')s & (6)s © (15)a

[Table 1423 (page 10748) in 1511.08771v2]

Fierz identity

7 ol
Cac%upp = 79%.,3%uBa>

—yda—.BB__ o Ba
o G, —=—0" 0y s

[appendix B.1 in 0812.1594]
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Octet enhancement, Al =4 rule

I'(K — 7rr)

~ 608 .
(Kt — 7ta0) i

L ~ 9gVuaVusGr(9,K ™ )(m%0,n* — n*0,n°)

In the limit of m 0 = m_,
there is no contribution to on-shell amplitude of kaon dacay

Ssu(3) — (3 + 2 + 2 + 1)SU(2)
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Short summary of kaon decay

46
QCD + EW: Lyrermi = uqus(SLyuuL)(_y”dL)

__________ 1____________t__________

Chiral perturbation 8 > 2 7

|

Al = 3/2
KQ > ntn~,nn° - o
(K » ntn~,n%7%) = 1.1 x 10105~ > [(K*Y > ntr?) = 1.8 x107s71
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