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‘Motivation

Axions are blind to anomalies

Jérémie Quevillon®, Christopher Smith”

Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS/IN2P3, Grenoble INP, 38000 Grenoble, France

*» This paper claims that in chiral gauge theories, axion decay to 2 gauge boson is completely
independent to axial anomaly.

** They computed Jacobian for anomaly computation, and computed axion decay using diagramtic
approach for type-ll THDM.



‘Motivation

The Anomalous Case of Axion EFTs and Massive
Chiral Gauge Fields

Quentin Bonnefoy,” Luca Di Luzio,® Christophe Grojean,*? Ayan Paul®? and
Alejo N. Rossia®?

*DESY, Notkestrafie 85, D-22607 Hamburg, Germany
b Institut fiir Physik, Humboldt- Universitéit zu Berlin, D-12489 Berlin, Germany

** They used the traditional method of anomaly matching by weakly gauging the axial symmetry.

* They found, in chiral gauge theory, axion decay have contribution from two operators

- - Op(x)\ ~
a = Aja 1(Opa(x) — X)) | Ay — Hy
CaFF=A FF+\C( () X)g ; )F}

Gauge and axial symmetry invariant
(In vector gauge theory, this operator is not gauge invariant )




‘Basic ’lnformation

E — _iF,uquj + 7vBLleLQ'bL + /&RLZDRTPR T (M@LwR + hc)

Axial and gauge current

1—
Jy = 5%0’)/”’7510

6 = Tre=PnY Gazg e 28=a

The divergence of current at classical level

In vector gauge theory

aw]g — QBMQE')%@D (B=0), Gauge current is
8“Jﬁ _ Mg@’)@sw conserved.
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T oy model for axion

1 _ _
— __F,u,yFHV =+ wmeLwL + wRLDR¢R =+ |D¢1¢1‘2 + |D¢2¢1’2 —

4
— M(fT = 0119)? = Xa(f5 — |02]?)?

Gauge tranformation —s ¢ — 9%y,

(yp1¥rtR + h.c.)

br — e%QQRE’(fB

¢ N ezg%z (bz; @CJL T Q@

iaL0
Vp — e %p,

. . ’LCLLQ
Axial transformation —> YL =€ Vi,
¢ — €,

The axial and gauge current, using ¢; = fiemi (x)/fi/ﬂ

ar, — —ar Q¢ — QaL

aF %

= ary 50 + ag, 10,01 (2) + ag, fr0,a2()
= —gUy"(a — By5)Y + 4y, 910" a1 (x) + 44,9 f20"as(x)

— gAM(qp, a6, [T 4 Q5200 [3)

— AN G ST+ a5, f5)

Divergence of both current at classical >
level is zero.

9,.J"
9,J"

0
0




T oy model for axion

In (a, ) basis

Physical axion a(m)
Would be Goldstone boson 90(513)

Gauge tranformation =—>

Axial transformation =—>

The current in (a, ¢) basis

ai(x) — sas(x)
ar(x) + cas(x)

a(z) = a(z) p(x) = o(x) + fby(x)
a(z) — a(z) + f0 p(r) — ()
yin ar Py sy + foua(z)

— gy (o — Brys) + gf O o(x) — g* AM f7




What is Jaroﬁfem?

¢ Axion decay to two gauge boson operator in this toy model

2
g° alx) - o, 1o
L. FF -
ff X 1622 f (OJ —|—3,8

M
** And anomaly associate with U(1) global axial[current is

2
. g ~
Jacobian = FF




Direct calculation of ﬂnomafy using one-foo]o three yoint function

T4 = apdy'ys + foua(x) = T + T4
o = —g" (0 = B15) + 90" () g A" f?
Jlﬂb Jgp
(3
0 <JGJMJG> < J“ J > <Jpcp‘] > This will give us gauge
0 <J'OJ“JG> <JP¢J”¢JW¢> <Jpajm’bjé¢> and axial anomaly.
0, (JLTETE) O (JOYTEY JEEY 0, (50 TP TEY )
8 <JP JH JG> _ (JP¢J#¢JV¢> <JP¢JML’JV90>
0,(JG' J5" Jg") = 0 d <J‘”’”JWJ5¢> =0,
O,(J JEX Ty =0 0 <J”"’JWJ Yy =0,
O (JEETEV JEoy =0 9, (JOF Jhe Jue) = 0,



Direct calculation of ﬂnoma@ using one-foo}o three Jooint function

I (@ I (@)
ap< Jfla Jl“b JWP < /
p —m2 p _m?‘ JE (go)




Direct calculation of ‘Anomafy using one-[ooy three Jaoim“ function

ng(%)

apUﬁngwaéw): fsz_Jjﬁ + cross diagram

chzw(fh)

4 N

<
N
\ / m=0

Linearly divergent integral

+ cross diagram

@p<J£¢J5¢Jé¢> —

 If we shift 15t diagram loop momentum k— k + m and 2" diagram loop momentum k — k+ n. It will cancel the
linearly divergent term but total contribution will be proportional to momentum ambiguity parameter ¢4, ¢,
% Where we parametrize m-n=c;q; + ¢»q,



Direct calculation of ﬂnoma@ using one-[oojo three Jooint function

92(052 + /62)€;wa5
1672

) M (a — Z Z)

OJETENIE) = —ag (a1 — )

(@1)alq2)s —if Mywla = 2 Z)

2
M,

NI ) = if (14

2 2
pr—my

¢ The divergence of full axial current

4 )
2 @2 _I_ 2

OTETETL) = —ag(er — )\ T ) s ) (40),

\_ )

where (cq, co) are momentum ambiguity parameter.



Direct calculation of ﬂnoma@ using one-focyo three Jooint function

Similarly for gauge-gauge-gauge current

)923(@2 + 35%)

1672 e q1)alqe)p — if My (o — Z Z)

O TG ) = —api(c1 —

OIEEI LY = if Myl — 7 Z)

+* The divergence of full chiral gauge current

4 )

y 39°(a® + 36%) e
Op(Jedelé) = —ap (1 — ) 167r23 e 6(91%((12)5

\_ J




Quantum correction in cﬁ’vergence cy[ gauge & axial current

Add massless fermion
will cancel it

Esmws
) 393( 1/62) -
[ 0(JGIeIe) = —qg (a1 — c2) T Y@1)ala2)s
2( .2 2 Related to
8p<JngJC’§) —  —Qg, (Cl — Cg)g (Oa _l;ﬁ )euyaﬁ(ql)a(qg)ﬁ axial symmetry
167 breaking

9 F ) ot (1), (g0)

0u(Ja(P) (@) c(@)) = as (e —2) = }
2 &2_|_ 2
0, (T TEa) To@)) = agy(er + 2L i) (g5), [ reateato
167 gauge
symmetry
breaking

**Gauge invariance demands ¢, = —c, = 2



Result

The divergence of gauge and Axial current at quantum level

Using ¢; = —co =2 and m # 0
Divergence of axial current
0,00 = A—ifMu(a— Z 2)
0,05 = ifMy(a— Z Z)
0,] = A

where A x (052 + 52)
2
B

Mo = Z Z) x (« 5

)

Using ¢; = —c2 = 2 amd m=0

0,J5 = A
9,J% = 0

9,77 = A

Divergence of gauge current

0,J% = A, —ifMu(p— Z Z)

0,J% = ifMu(p — Z Z)
0,00 = A,

2

A, x 68(a® + 3)

2
M (o — Z Z) x 28(a” + %)
0, I Ay
9,72 — 0
9,10 — A,



Conclusion

/7

s Axion decay contribution exactly cancel in full current. So axion decay is independent of
anomaly.

¢ But this is true for both Chiral and vector gauge theories. In vector gauge theories, axion
decay accidently looks same as axial anomaly.

¢ Axion decay is exactly zero in exact massless limit but anomalies are mass independent.

% It looks like 1/5 factor in axion decay is related to gauge current divergence of scalar
current due to simultaneously breaking of both gauge and axial symmetry (But still in
progress to proof it)



genemfization of toy model for
SM gauge symmetry



fEﬁCective Lagmngian for ‘Axion c[ecay

Where axion couple to fermion through Yukawa terms

*¢* We can absorb axion coupling in Yukawa term by rotating fermion fields. Let’s
consider a general rotation

va(x)

f

where xv = xr + xz and xv = xXr — XL

) v, W —exp ((Xv _ XA%)La(a:))

' — exp <_(XV + XA7s5) 7

/

** This rotation will lead to two term in the Lagrangian which will give axion decay operator

2 ~ .
L, T Zfa(a:)FF (XA(QQ —|-52) — XV 2@5) —> Jacobian
T
Oualzr) - =
+ f (XV?/)’Y Y+ XAy ’Y577b) -3 Fermionic Kinetic term

\ J
[

(Xvaﬂ J{“}w -+ XA@JQ‘”)

afx)

f




fEﬁCective Lagmngian for ‘Axion c[ecay

——> (@) FF (=xa(0® + 5% + xv 203)

m=0 1672 f
CL(;C) (Xvaﬂj{;lp + XAauJﬁw) —
2 2
| M= 1631‘2]0 (x) g (XA( 3 )—|—XV2@5)

s The effective operator for axion decay (with massive fermion)
2

2 ; 23
Ea,gg X 167T2f FFZ (XA + /6 QQB) + 16€Tgfa’(x)FF; (XA(_?) +XV 2056)

X 167r2f FFZ(XA " 62)

** The effective operator for axion decay (with massless fermion)

Lagy =0



fEﬁCective Lagmngmn for ‘Axion c[ecay m SM gauge tﬁeory

2 2

SM a/a g AT s
Lo, o< N 167T2f a(z)G°G +NM167T2 a(x)W'W
912 /
=+ NY 167T2f Derivative coupling will

generate mixing term

1 1
Ne = D TRDXAZ+56) Ny = 3 NI+ 56)

f=u,d f=u,d.e
1
N2 = Z Ixh(af + 51) Nps = Z NIxh(ef + 5/312)
f=u,d,ev f=u,d,e
N, = Z 2Tfo( f 6”89 "‘X{/(ayﬁl‘}_alﬁy))
f=u,d,e

4+ 2Tfo [ (Ongfy + Blﬁy) + Xv(ayﬁl + alﬁy)]



Comparision with Jeremie paper

** They used type-Il THDM

Ly = —ugY, quéd1 — drYyqrdl — erY. Lo + h.c.
where

1 ax 1 1a
¢y = —GQJP(T)(HfL v, + ReH,), by = —=

V2

\/ﬁeacp(@)(hg+ vy + ReHs)
) "2/

s Compute yy and y, to absorb axion from Yukawa term

Xy = 0 X4A=2 XQL:_% X’UR:%
d 1 d 1 L x 1 x
Xy =57 % XA_% XqL——? XdR_ETE
X%/_Ol Xflx:% XlL:—? Xer = 32
Xv = "5 | Xa=35:| Xiu = 52

% Value of (a, B) for SU(3)= (1,0); SU(2)= (1/2, 1/2); U(D)y = (¥, + Yz, ¥, — YR)



Comparision with Jeremie paper
1 4 1 3

Np, = 1(33 + ﬁ) NipyL, = i(fl? + %)

1 1 CI
N, = - - Ny = (242
‘ 2(5”3;) Y (12+3x>

1 2
Np = = —
2 (x+3:t)
2

2 ~ ~
LM o N, s a(x)G°G* + 2Ny, g a(x)WTW~=

a99 “1672f 1672 f
2 2
4+ New——a(z)FF + 2(Ny — 82 Nop)————a(2)F Z
16w f O Pwilem 1672 f Sy Co

L62 ~

1672 fs2 c? oz)2Z

w

+ (Np, — 252 Ny + 52 Neyn)

Where Ny = Ny + Ny + Ny and No = Nz + -2

This is consistent
with Jeremie result
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T oy model for axion

L = —i Y+ VDb + YpelDpibr + |D¢1¢1‘2 + |D¢2¢1’2 — (YR + h.c.)

— M7 =) = NS5 — |g2l?)?
Gauge tranformation ——s5 ¢ — €90@qyy  ghp — 91ROy,
¢i — eigqqsie(x)(bi) Q¢1 — 4L — 4r — 2/6

. . ar 6 —iar,0
Axial transformation =—> L = €L, YR — e YR,
Qg 0
Gi = €970 qL = —qr qg, = 201
The axial and gauge current, using ¢; = fiemi(m)/fi/ﬂ

Jh = apPy' s + ag, [10,01(2) + ag, f20uaz(x) — gA* (s, a6, [T + g, 06, f5)
Jo = —g¥y"(a = Bys) + 46,9-10"ar () + qg,9 f20"as(x) — g° A* (g3, 7 + 45, 15)
Divergence of both current at classical > 8” Jg —

level is zero. nwo




T oy model for axion

a(z) = cai(x) — saz(x)
o(x) = sai(x) + cas(x)

In (a, ) basis

Gauge tranformation —

Axial transformation =—>

which lead the relation

s/ cf

q(,bl — flj QQbZ — f29 a’(/ﬁl — fl’

a(z) — a(x) o) = @(x) + f,(2)
a(z) = a(x) + f6 o) = p(x)
cf _ =84

o f2 ; Wheref — \/(Q¢1f1)2 + (Q¢2f2)2

The current in (a, ¢) basis

T
Y

GJL%_W“’YEW + fO,a(x)
— gy (a — Bys)Y + gf 0" p(x) — g? A f?




Direct calculation of ﬂnoma@ using one-[oojo three Jooim“ function

= arypy 50 + fOa(x)

= —gy (o — Bys) + gf 0 o(x) — g* A* [

J)
JG
ap < Jé JS J(V; > < me Jl“ﬁ JV?P) < JP‘P J’“’b JV¢>
0p(JAIEIE) = 0,(JE TE IE) + 0(J5 I L)
O LILTEIE) = DuTSETEET) 4 DT T T
0, (JAJEIE) = 0T TG IE") + 0, (TR T JEF)
0, (6T
Op(JE" T T

Op(JE T TE)

—

=0
=0
=0

o <JP¢JIM1JV¢>
0I5 T T V)
9, (T2 T Jro

This will give us gauge
and axial anomaly.

0,
0,
0,



Direct calculation of ﬂnoma@ using one-[oojo three Jooint function

—g7" (e — B5)

o mr
—g7" (cx — Bs) e
—g7"(ex = B7s) —97"(a — Bs)




Direct calculation of ﬂnoma@ using one-focyo three Jooint function

Tr [pys(K — g, + m)v"(a = Bys) (K + m)v (o — Bys) (K + gy + m)]
Using pvs = (K + gy — m)vs + 15§ — 4, — m) + 2ms

((k+ q2)* = m) T [15(K — d, +m)r"(a — Bys)(F + m)r*(a — Brs)]
£ (k= q)* = m?) Tr [y (o — Bs) (K + m)y™(c — Bys) (K + dhy + m)
£2m T [k — dy +m)y (o — Bys)(+ m)v*(a — Bys)(k + dy + m)

l

This trace is exactly same as trace of axion




Quantum correction in cfi\/ergence of axial current

92(042 + /82) E;wo:ﬁ
1672

O (Y TEPTEYY = —ag, (c1 — c») (q1)alq2)s

g° e
+ (L?HI%Eeuyagq?qg [012%-2;)+n1asstfnTn]

92(042 + 62) E,uuo:ﬁ
1672
m

2 2 2
y - g N B
aP<Jfl¢Jg’¢JG¢> = —Gg¢, (1 + 07— mz) 12 Cnvapdi a5 [W + g) + mass term

(@1)a(@2)s — if Mywla — 2 Z)

= —ag,(c1 — c2)

2

— z'f(l—l— Qm“ )Muy(a+22)

_ 2
p —my

92(062 + /82) E;u/ozﬁ
1672

8P(JQJ5J5) —Qg¢, (c1 — ¢2) ((11)a((12)6

where (cq, co) are momentum ambiguity parameter.



annmm correction in cfi\/ergence Of' gauge current

0, (R (D) JE° (42) JE" (1))

(IR () JE" (22) IE" (00)

92(0{2 + /82) vpaf3

ag, (c1 —2) € (q1)alg2)s

1672

Ay 92 €vpaBql 4o

g% 32 .81 N 3m?2 + Tm?
3 120m?2

|

g*5° o B {1 3m§+7m§]

“o g 3 Crpap i | 3 T o0

0u(J4(p)J5(a2)Jé(qr))

= Qg (Cl — 2)

QZ(QQ + /82)61/,004,8
1672

(Q1)Q(Q2)6

0, (J5 (D) JE (02) g (1)) =

0, (IR (p)JE  (02) I (1)) =

Ay (C2 + 2
2 12
g o8l
Ay 92 CppaBdy qg g +
212 _1
o B
Ay 52 €upasqdr 92 3 +

0.(Jh(p)Jg(q2)Jé(qr)) =

2 2 2
1, (e + 2T oo (01300,




@Lantum correction in cﬁvergence Ofl gauge current
39°(0® + 35°)
1672

Op(JE TEY JE) —qg, (€1 — c2) e (q1)alq) s

93 5 2 /62
+ Q¢14—7T26Wa5q?q2 [(Oz + 3) + mass term]
1672

3 2
[ 24 g oY /6 .
O, (JE2 JEY JUPY = ~ 417 5 Cvapd] 45 [(oz2 + 3) + mass term] =ifM, (o= 72 Z)

= —qg (a1 — ) " (q1)al@2)s — if Myl — Z Z)

3g°(a® 4 167)
1672

O(JededE) = —ap(c1 — c2) e (q1)alg2)s




fﬁ%ctive Lagmngmn for ‘Axion cfecay m SM gauge tﬁeory

2 2

LM o N, GG + Np—2 Wi
agg > 167T2f W) GG+ Neiq pale)
912 /
=+ NY Derivative coupling will
167T2f generate mixing term

1 1
N o= Y TRDNGE 458 | Ny = Y NI (el + 28

[=u.d f=u.d.e
N2 = Z NfXA(Oél + 61) Nps = Z XA Ofl + Bz)
f=u,d.e,v f=u,d,e
N, = Z 2Tfo ( f ﬂlﬁy ‘|‘X{/(@yﬁl +al/6y))
f=u.,d,e

4+ QTfo [ (Ongfy + Blﬁy) + Xv(ayﬁl + alﬁy)]



T oy model for axion

a(z) = cai(x) — saz(x)
o(x) = sai(x) + cas(x)

In (a, ) basis

Gauge tranformation —

Axial transformation =—>

which lead the relation

s/ cf

q(,bl — flj QQbZ — f29 a’(/ﬁl — fl’

a(z) — a(x) o) = @(x) + f,(2)
a(z) = a(x) + f6 o) = p(x)
cf _ =84

o f2 ; Wheref — \/(Q¢1f1)2 + (Q¢2f2)2

The current in (a, ¢) basis

T
Y

GJL%_W“’YEW + fO,a(x)
— gy (a — Bys)Y + gf 0" p(x) — g? A f?




Tﬁe CﬁVQTgQHCQ (Zf current in TVLCLSS[QSS case OITLC[ ﬁeavy mass [wmt

Using ¢y = —cy = 2 and m — o©
Divergence of axial current Divergence of gauge current
2 2 39( 2 1 122
v g 26 o v g 2(@ _|__/8) 1 710%
(I TETE) = —ag ( 3 )emgql 7 O TE I =~ 5" (@)al@2)s
g g b i by _ g’ ool 2, B
ap<JQ¢J5¢ng> = g 49—7T2<Em5q?q§ [(oz2+ %)] 0,{J6"J6 g ) = ~ o1y 3 Crvapdy I {(Oﬁ ‘|‘?)
= ifM(la—=Z Z) = ifMulp = 2 2)
. =2
Using ¢; = —cp = 2 and exact m = 0 den b A
. —— g
P axial
oY Tup U 92(0‘/2 +62) uvaf pY g 3g3((12 ™ %ﬁQ) prof
O Ja Je Jg") = —ag A2 S (@1)alq2)s  OJG JG"Ie") = —as 12 € (41)a(g2)s
O,(JRCTEV Ty = 0 O (JEP Y TPy = 0

** Axion decay is zero for completely massless fermions.



