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Introduction

« There are many experiments hunting for the axion
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Introduction

« There are many experiments hunting for the axion

« Most of them based on the coupling to the photon
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

« Add to SM a singlet complex scalar field o, featuring a spontaneously broken global U(1)pg symmetry, and a
vector-like fermionQ = O, + Qg in the fundamental of colour, singlet under SU(2), and neutral under
hypercharge.
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

« Add to SM a singlet complex scalar field o, featuring a spontaneously broken global U(1)pg symmetry, and a

vector-like fermionQ = O, + Qg in the fundamental of colour, singlet under SU(2), and neutral under
hypercharge.

* Assuming that under U(1)pq the fields transform as

o - eiao_’ Q; — Gia/QQL, O — e—ia/QQR

the most general renormalizable Lagrangian can be written as

?JQ

2
Lxsvz = 00> = A, (\0|2 - f) + Qiv,D*"Q — (yoQrQro + h.c.)
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

112 ° — . —
EKSVZ - |8M0|2 — )\U (|0|2 — f) + Q’L’}/MD“Q — (’yQQLQRU + h.C.)

« Decomposing the scalar field in polar coordinates,

o(x :L v 7)) ')/ ve
(2) \@(aer( )

we see that this model features three BSM particles:

1. Excitation of Goldstone field a(x): massless at tree level

2. Excitation of radial field p(w): my, =/ 260,
. Yo
3. New fermion: mo = —7,
°T V2

[Raffelt]
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

112 ° — . —
£KSVZ - |5’M0‘2 — )\J (|0|2 — f) + Q’L’}/MD“Q — (’yQQLQRU + h.C.)

« Decomposing the scalar field in polar coordinates,

o(r) = — (ve + p(x)) e’/

V2

we see that this model features three BSM particles:

1. Excitation of Goldstone field a(x): massless at tree level

2. Excitation of radial field p(w): my, =/ 260,
. Yo
3. New fermion: mo = —7,
°T V2

« Forlarge PQ breaking scale v, the latter two are
heavy and may be integrated out, if we are only
interested at the effective theory at energies much less
than the breaking scale

[Raffelt]
...", Florence, ltaly, April 26 - June 9, 2023 Page 10
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]
Recap

 Integrate out p(x):

1 — _ .
Lisvz = 50u00"a+ Qi D'Q ~ (moQrQre™™™ +hc.)
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):
1 — _ .
Lrsvz ™ 53;&5'”@ + Qiv, D" Q — (mQQLQRem/UU + h-C->

* Last term can be brought to the form of a standard mass term by performing the field-dependent axial
transformation, @ — e~ 277 % Q| that is

Qr —ez2ve Qr, Qr — e 2w Qp
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):
1 — _ .
Lrsvz ™ iauaé’“a + Qiv, D" Q — (mQQLQRem/UU + h-C->

* Last term can be brought to the form of a standard mass term by performing the field-dependent axial
transformation, @ — e~ 277 % Q| that is

Qr —ez2ve Qr, Qr — e 2w Qp

« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):
1 — _ .
Lrsvz ™ iauaé’“a + Qiv, D" Q — (mQQLQRem/UU + h-C->

* Last term can be brought to the form of a standard mass term by performing the field-dependent axial
transformation, @ — e~ 277 % Q| that is

Qr —e2vw Qp, Qr — e 2w Qp
« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,

DQDQ — DQDQ ¢!/ ¢'wlr(@)
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):
1 — _ .
Lrsvz ™ iauaé’“a + Qiv, D" Q — (mQQLQRem/UU + h-C->

* Last term can be brought to the form of a standard mass term by performing the field-dependent axial
transformation, @ — e~ 277 % Q| that is

Qr —e2vw Qp, Qr — e 2w Qp
« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,

DODO — DODQ ¢t J d*wLr(x)

QCD . a(r) .. _ g; a(x) y
£F (.CU) = o . Ah_géo tr {75 exp (pz/Az) 54 (x — y)} = 327T2 o GG((L’) [Fuj|kawa 79]
Ty
Js o
0 000000¢ (77
a---- Q
Q b
g;QQQQM‘GM
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):
1 — _ .
Lrsvz ™ —8ua6’“a + Qiv, D" Q — (mQQLQRem/UU + h-C->

* Last term can be brought to the form of a standard mass term by performing the field-dependent axial
transformation, @ — ¢ 2727 Q. that is

Qr —e2vw Qp, Qr — e 2w Qp
« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,

DODO — DODQ ¢t J d*wLr(x)

a(x , 2 alx) =
£8CD($) — 75 ) Ah_)ngo tr {75 exp (Ez/Az) 54(.%' — y)} - 3g7r2 QE )GG(aU) [Fujikawa 79]
g T—Y d
 Therefore,
1 LA L — 10,0~ g*
Lxsvz =~ 5(9#@6 a+ Qiv,D'Q — (moQrQr +h.c.) + 5@—@7 759 + 30 QU_GG
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):
1 — _ .
Lrsvz ™ —8Ma6’“a + Qiv, D" Q — (mQQLQRem/% + h-C->

* Last term can be brought to the form of a standard mass term by performing the field-dependent axial
transformation, @ — ¢ 2727 Q. that is

Qr —e2vw Qp, Qr — e 2w Qp
« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,

DQDQ — DQDQ ¢!/ ¢'wlr(@)

a(z) . gs ax) =
L3P () = o - it {vsexp (P?/AN%) 6%z —y)} = 3972 0. GG () [Fujikawa 79]
Ty
« Therefore,
1 — . — 10,a— g*
Lxsvy ~ —8 ad”a + Qivy,DHQ — (mQQLQR +h.c.) + §U—Q7 v5Q + 39,3 U—GG

« Now we can also safely integrate out the heavy exotic quagk:

gs @
Lxsyy ™~ §3MQ8MCL + 327_‘_2 — GG
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):
1 — _ .
Lrsvz ™ —8Ma6’“a + Qiv, D" Q — (mQQLQRem/% + h-C->

* Last term can be brought to the form of a standard mass term by performing the field-dependent axial
transformation, @ — ¢ 2727 Q. that is

Qr —e2vw Qp, Qr — e 2w Qp
« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,

DODO — DODQ ¢t J d*wLr(x)

CD a(xr) . g; a(x) =
LFP(z) = o él_gl;o tr {75 exp (P?/A%) 6% (z —y)} = 3907 0. GG (z) [Fujikawa 79]
* Therefore,
1 — . — 10,0~ g*
Lisvy = —8 ad”a + Qivy,DHQ — (mQQLQR +h.c.) + §U—Q7 v5Q + 39,3 U—GG
« Now we can also safely integrate out the hegvy exotic quark 6 = a/v, is a dynamical §-parameter!
Lrsyy >~ “8 08“0+0—GG fa = Vo
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KSVZ Axion Model

« Allowing for electric charge of the exotic quark, that is charged under U(1)g, generalized KSVZ axion descri-
bed by g2 e e* F a -
3272 f, 3272 N f,

1
‘CKSVZ ~ 5@@8’*& +
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KSVZ Axion Model

« Allowing for electric charge of the exotic quark, that is charged under U(1)g, generalized KSVZ axion descri-
bed by g2 e e* F a -
3272 f, 3272 N f,

1
EKSVZ ~ 5@@8’*& +

- Axion decay constant: f, = v, /(2N)
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KSVZ Axion Model

« Allowing for electric charge of the exotic quark, that is charged under U(1)g, generalized KSVZ axion descri-

bed by 1 g> a _ ~ e FE a _ -~
L ~ —0,a0" - —GG
KSVZ = 50u007 0+ 50 37 SO T 5N T,
* Axion decay constant: f, = v, /(2N)
« Anomaly coefficients N and E:
U(1)pq x SU(3). x SU(3). U(1)pax U(1)e x U(1)e
gs qo €
0 200000¢ (§ 0 Q00000¢ A
a ---- y Q a---- y ©
Q Q
L00000Q¢ (7 L000000¢ A
Ys goe
N=1/2 E =3¢
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KSVZ Axion Model

Effective field theory below QCD scale

1 1 a Cuy a ~
LKS\/Z D) §aua(9“’a — §m3a2 % fa”y Z FIUJVF'UJ
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KSVZ Axion Model

Effective field theory below QCD scale

1 1 a Cuy a ~
LKSVZ D) §3Ma(9“’a — §m3a2 % fajy Z FIUIVF'UJ

. < m _
« Axion mass: My ™ VZ_ M fr Z =my/mq
l+2z fa
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KSVZ Axion Model

Effective field theory below QCD scale

1 1 a Cuy a ~
£KSVZ D) §8Ma(9”a — §m2a2 % fajy Z FIU}VF'UJ

\/Z m?ffw

« Axion mass: My ™ Z = my/my
l+2z fa

[Gorghetto et al. 18]

1 12
Me = 5.691(51) ueV ( 0 Gev)

fa
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KSVZ Axion Model

1 1 5 5 a Cgya ~
Lrsvz D iﬁuaé’”a — imaa - fa7 1 F, F"

\/E mwfw

« Axion mass: My ™ Z = my/my
14+2z f,

[Gorghetto et al. 18]

1012 GeV)

me = 5.691(51) peV ( 7

» Wilson coefficient for electromagnetic coupling:

C NE 24+ 2z
TN 31+4+z

[Kaplan 85; Srednicki "85]
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KSVZ Axion Model

1 1 a C.,ya ~
Lrsvz D iﬁuaé’”a — imiaQ 4 - fa7 1 F, F"

vz M fr 2 =My /My

« Axion mass: m, ~
@ 14+2z f,

[Gorghetto et al. 18]

1012 GeV
My = 5.691(51)Mev< ; © )

» Wilson coefficient for electromagnetic coupling:

C NE 24+ 2 Kaplan 85; Srednicki ‘85

aﬂ/_N 31+z [Kaplan 85; Srednicki "85]
E

Coy = N 1.92(4) [Grilli di Cortona et al. *16]

...", Florence, ltaly, April 26 - June 9, 2023 Page 26
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KSVZ Axion Model

Electromagnetic coupling versus mass

. mel+z(E 2442
Javy = o M T ot s Jz \N 3142
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Axion models: Astrophysical hints:
-18 —— KSVz Horizontal branch
10 — DFSZ X TeV transparency
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adapted from [Sokolov,AR, 2104.02574]

see also [Di Luzio,Mescia,Nardi, *17]
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KSVZ Axion Model

87

gaq/'y = W
a

C a mgl—+z

E 244z

T ot ma z

N 5-1-+-z

« “Band” of predictions for electromagnetic coupling

« What if exotic quark carries a magnetic charge?

DESY. | Electromagnetic Couplings of Axions | Andreas Ringwald, GGl Workshop on "Axions across Boundaries ...", Florence, Italy, April 26 - June 9, 2023

[Sokolov,AR 21, 22, 23]
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Astrophysical constraints:
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10" @ SN 1987A (GRS)
@ NGC 1275, B¢ (Fermi)
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| Axion models: Astrophysical hints:
10*18 —— KSvz Horizontal branch
| — DFsZ | X TeV transparency
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adapted from [Sokolov,AR, 2104.02574]
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KSVZ Axion Model

_ Y a megl+z(E 2442
Javy = o M T ot s Jz \N 3142
falGeV]
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! v 10 Astrophysical constraints:
9. NGC 1275 (Chandra)
S 10" @ SN 1987A (GRS)
S @ NGC 1275, B¢ (Fermi)
‘IO‘16 @ 5SSC (NUSTAR)
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| Axion models: Astrophysical hints:
10*18 —— KSvz Horizontal branch
| — DFSz | X TeV transparency
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adapted from [Sokolov,AR, 2104.02574]
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KSVZ Axion Model

_ Y a megl+z(E 2442
Javy = o M T ot s Jz \N 3142
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« “Band” of predictions for electromagnetic coupling - CAST :
T y
« What if exotic quark carries a magnetic charge? 0 v -
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« |ts existence would explain not only strong CP conserva- — 107" o Bk ¢

tion, but also charge quantisation (pirac 1931, schwinger 1966, Zwanziger 1968] 2 11 A—
strophysical constraints:
. . . 9. 15 NGC 1275 (Chandra)
» Expected induced electromagnetic coupling: £ 10 ® SN 19874 (GRS)
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adapted from [Sokolov,AR, 2104.02574]
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KSVZ Axion Model

o) a ma1—|—z<E

gaq/'y = Wc

Cw2271]‘”7777177 Vz N 31+z

- “Band” of predictions for electromagnetic coupling

« What if exotic quark carries a magnetic charge?

[Sokolov,AR 21, 22, 23]
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« |ts existence would explain not only strong CP conserva-

tion, but also charge quantisation (pirac 1931, Schwinger 1966, Zwanziger 1968

« Expected induced electromagnetic coupling:
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Astrophysical constraints:
NGC 1275 (Chandra)

10" @ SN 1987A (GRS)
@ NGC 1275, B¢(Fermi)
107'° @ SSC (NUSTAR)
@ PKS 2155-304 (HESS)
107" ; @ NSs (BL GBT GC)
Axion models: Astrophysical hints:
10—18 = KS8vz Horizontal branch
— DFSZ X TeV transparency
']0_19 IR TTY IRIRRTR % M RRTIT| RNCTIT| ETIT RRATTIY| AETIIT MRMETTY MRRTTIT ARREIRT AREAIT:
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mq|eV]

adapted from [Sokolov,AR, 2104.02574]
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KSVZ Axion Model

o C a mgl+z [ E 244z
Ga = 7 Lgy = a
ot T T 2nfame V2 \N 3142 ,
falGeV]
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« “Band” of predictions for electromagnetic coupling o g " :
. i i ] m- D . Al L_P_S__I_I, _____ 7 Babyleo_,x—\.,:;?
« What if exotic quark carries a magnetic charge? 10 IAXQ..~
12 JURA
[Sokolov,AR 21, 22, 23] 1072 &
* Its existence would explain not only strong CP conserva- 0
tion, but also charge quantisation (pirac 1931, Schwinger 1966, Zwanziger 1968 o s Astrophysical constrains:
g 10 NGC 1275 (Chandra)
» Expected induced electromagnetic coupling: 2107 o e
S -16 o u )
gQ g 10 = [ ] iSKZ (2': sssTsAoFit (HESS)
g _oam mgl+zM 0 V=32 107 oot
MM — [ pr— _ Horizontal branch
@ 27Tf7-(- mﬂ- \/E N gQ 10 b 2 TeV transparency
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9oy 1072107"107°10° 10° 107 10° 10° 107" 10° 1072 107" 1
« Parametrically enhanced due to charge quantisation: maleV]
2 2 /62 JaM M _
N — g_ ~U T /6 ~U a_l = Z ~ 2 ~ 104 adapted from [Sokolov,AR 2205.02605]
A7 41 Gary~y
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Monopole-Philic Axion Model

What if the exotic quark carries also a magnetic charge?

« Want to integrate out a heavy, magnetically charged quark
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Monopole-Philic Axion Model

« Want to integrate out a heavy, magnetically charged quark

« To do this, need extension of quantum field theory of electric charged particles - Quantum Electrodynamics

(QED) — to quantum field theory of electric and magnetic charged particles - Quantum Electromagnetodyna-
mics (QEMD)
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Monopole-Philic Axion Model

« Want to integrate out a heavy, magnetically charged quark

« To do this, need extension of quantum field theory of electric charged particles - Quantum Electrodynamics
(QED) — to quantum field theory of electric and magnetic charged particles - Quantum Electromagnetodyna-
mics (QEMD)

« Arguably best suited formulation of QEMD has been developed by Zwanziger [Zwanziger "71]
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Monopole-Philic Axion Model

« Want to integrate out a heavy, magnetically charged quark

« To do this, need extension of quantum field theory of electric charged particles - Quantum Electrodynamics
(QED) — to quantum field theory of electric and magnetic charged particles - Quantum Electromagnetodyna-
mics (QEMD)

« Arguably best suited formulation of QEMD has been developed by Zwanziger [Zwanziger "71]

« Local Lagrangian in terms of two gauge potentials
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Monopole-Philic Axion Model

« Want to integrate out a heavy, magnetically charged quark

« To do this, need extension of quantum field theory of electric charged particles - Quantum Electrodynamics
(QED) — to quantum field theory of electric and magnetic charged particles - Quantum Electromagnetodyna-
mics (QEMD)

« Arguably best suited formulation of QEMD has been developed by Zwanziger [Zwanziger "71]

« Local Lagrangian in terms of two gauge potentials
» Allows the application of the standard apparatus of local quantum field theory
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Monopole-Philic Axion Model

« Want to integrate out a heavy, magnetically charged quark

« To do this, need extension of quantum field theory of electric charged particles - Quantum Electrodynamics
(QED) — to quantum field theory of electric and magnetic charged particles - Quantum Electromagnetodyna-
mics (QEMD)

« Arguably best suited formulation of QEMD has been developed by Zwanziger [Zwanziger "71]

« Local Lagrangian in terms of two gauge potentials
» Allows the application of the standard apparatus of local quantum field theory
« Manifest Lorentz invariance lost (local Lagrangian depends on preferred direction)
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Monopole-Philic Axion Model

« Want to integrate out a heavy, magnetically charged quark

« To do this, need extension of quantum field theory of electric charged particles - Quantum Electrodynamics
(QED) — to quantum field theory of electric and magnetic charged particles - Quantum Electromagnetodyna-
mics (QEMD)

« Arguably best suited formulation of QEMD has been developed by Zwanziger [Zwanziger "71]

« Local Lagrangian in terms of two gauge potentials
» Allows the application of the standard apparatus of local quantum field theory
« Manifest Lorentz invariance lost (local Lagrangian depends on preferred direction)

» Lorentz invariance of physical observables, provided that charge quantization condition is satisfied, can
be shown by path integral techniques [Brandt, Neri, Zwanziger "78]
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Monopole-Philic Axion Model

« Zwanziger’s local Lagrangian based on the fact that the general solutions of the electromagnetic
field strength tensor and its dual appearing in Maxwell’'s equations,

OuF" = jo, OuF = jy
in the presence of conserved electric and magnetic currents,
Ouje = Oujm =
can be expressed in terms of two gauge fields, A, and C,,
F=0ANA—-n9)" (nAjn)?, F*'=0ANC+ (n-0) ' (nAje?,
where n is an arbitrary fixed four-vector and (n-9)”' (z — y) an integral operator satisfying
n-0(n-0) " (z) =0*(x)

« Notation: a-b=a,b", (a AD)"" =a"b” —a"V, (a-G)" = a,G"", FAH = hVEA R /2
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Monopole-Philic Axion Model

« Zwanziger’s local Lagrangian based on the fact that the general solutions of the electromagnetic

field strength tensor and its dual appearing in Maxwell’'s equations,
0. F'" = jr, 9, FM =
in the presence of conserved electric and magnetic currents,
8ujéb — auj#z —
can be expressed in terms of two gauge fields, A, and C,,
F=0ANA—-n9)" (nAjn)?, F*'=0ANC+ (n-0) ' (nAje?,
where n is an arbitrary fixed four-vector and (n-9)”' (z — y) an integral operator satisfying
n-0(n-0) " (z) =0*(x)
. Notation: a-b = a,b*, (a Ab)" = a"b” — a’b*, (a-G)’ = a,GHY, FIH = HVFAF, /2
« The gauge fields depend on the choice of n, the choice of (n-a)—l , and the choice of gauge

DESY. | Electromagnetic Couplings of Axions | Andreas Ringwald, GGl Workshop on "Axions across Boundaries ...", Florence, Italy, April 26 - June 9, 2023

Page 41



Monopole-Philic Axion Model

- Exploiting the identity X = % {[nA(n-X)] — [nA(n-X%)]*} , which holds for any antisymmetric
tensor, and using that n- £ I n-(ONA), n-F*=n-(0AC), one finds that the field strength and
its dual can be expressed locally in terms of the two potentials alone:

1
F=—A{nAn@nrA)] - [nA@@A0)") "
1
Fé = - {[n A (n-(0A AN + A (n-(0 A )}

DESY. | Electromagnetic Couplings of Axions | Andreas Ringwald, GGl Workshop on "Axions across Boundaries ...", Florence, Italy, April 26 - June 9, 2023 Page 42



Monopole-Philic Axion Model

1
»  Exploiting the identity X = — {[n A (n-X)] — [n A (n-X%)]?} , which holds for any antisymmetric
tensor, and using that n- £ I n-(ONA), n-F*=n-(0AC), one finds that the field strength and
its dual can be expressed locally in terms of the two potentials alone:

F=—{lnA (@A) — nA@m@n0)") )

1
FY = - {In A (n-(OANAN* + [nA(n-(OA )}
* Inserting these into Maxwell’s equations gives:

1
— (n-0n-0A* — n-0 8" n-A — n*n-d9-A+ n*dnA— nd et ,en"0°C7) gl
(2)
1
— (R0 n-0C* — n-90 #n-C — n* n-d00-C + n* &nC — nd e”ypanyﬁpAU) = 40 .

n2
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Monopole-Philic Axion Model

[Zwanziger "71]

1
»  Exploiting the identity X = — {[n A (n-X)] — [n A (n-X%)]?} , which holds for any antisymmetric
tensor, and using that n- £ I n-(ONA), n-F*=n-(0AC), one finds that the field strength and
its dual can be expressed locally in terms of the two potentials alone:

F=—Ala(m@AA)] — (1A (@ AC)) "
Fl= A @A) + A (n-@AO)))

* Inserting these into Maxwell’s equations gives:

1
— (n-0n-0A* — n-0 8" n-A — n*n-d9-A+ n*dnA— nd et ,en"0°C7) gl

(2)
1
— (R0 n-0C* — n-90 #n-C — n* n-d00-C + n* &nC — nd e”ypanyﬁpAU) = 40 .

n2

« To any solution F'of Maxwell’s equations there exist potentials A and C related locally to F' by (1)
and satisfying (2).
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Monopole-Philic Axion Model

[Zwanziger "71]

1
»  Exploiting the identity X = — {[n A (n-X)] — [n A (n-X%)]?} , which holds for any antisymmetric
tensor, and using that n- £ I n-(ONA), n-F*=n-(0AC), one finds that the field strength and
its dual can be expressed locally in terms of the two potentials alone:

F=—{lnA (@A) — nA@m@n0)") )

1
FY = - {In A (n-(OANAN* + [nA(n-(OA )}
* Inserting these into Maxwell’s equations gives:

1
— (n-0n-0A* — n-0 8" n-A — n*n-d9-A+ n*dnA— nd et ,en"0°C7) gl
(2)
1
— (R0 n-0C* — n-90 #n-C — n* n-d00-C + n* &nC — nd e”ypan”apAa) = 40 .

n2

« To any solution F'of Maxwell’s equations there exist potentials A and C related locally to F' by (1)
and satisfying (2). Conversely, every pair of potentials satisfying (2) define a unique solution F' of
Maxwell’'s equations.
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Monopole-Philic Axion Model

[Zwanziger "71]

1
»  Exploiting the identity X = — {[n A (n-X)] — [n A (n-X%)]?} , which holds for any antisymmetric
tensor, and using that n- £ I n-(ONA), n-F*=n-(0AC), one finds that the field strength and
its dual can be expressed locally in terms of the two potentials alone:

F=—{lnA (@A) — nA@m@n0)") )

1
FY = - {In A (n-(OANAN* + [nA(n-(OA )}
* Inserting these into Maxwell’s equations gives:

1
— (n-0n-0A* — n-0 8" n-A — n*n-d9-A+ n*dnA— nd et ,en"0°C7)
1
— (R0 n-0C* — n-90 #n-C — n* n-d00-C + n* &nC — nd e”ypan”apAa) = 40 .

n2

y
Je

« To any solution F'of Maxwell’s equations there exist potentials A and C related locally to F' by (1)
and satisfying (2). Conversely, every pair of potentials satisfying (2) define a unique solution F' of
Maxwell’'s equations. A and C are highly non-unique.
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Monopole-Philic Axion Model

[Zwanziger "71]

« Generalized Maxwell equation in terms of gauge fields:

1
= (n-0 n-0A* — n-9 O"n-A — n* n-d9-A + n* 9n-A — n-d eﬂypan”ap()") = 52,
(2)
1
— (n-0d n-0C* — n-0 "n-C — n* n-00-C + n* 8*n-C — n-0 e, _n"0PA%) = j* .
vpo m

n2

« Local Lagrangian L = Lz + L; whose Euler-Lagrange equations coincide with (2):

L, = 2—;{— n-@AA)] - [n-@ NV + [n-@A O] (@A A ~ @A AP — @A) )
»CI — _je’A — jm'C
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Monopole-Philic Axion Model

Relativistic classical dynamics of electrically and magnetically charged point particles [Zwanziger "71]

« Consider a realization of the electric and magnetic currents by point particles with trajectories x;(7;),

267’/54 —x;(7;)) dz; | Zgz/54 — x;(7;)) dxy
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Monopole-Philic Axion Model

[Zwanziger "71]

« Consider a realization of the electric and magnetic currents by point particles with trajectories x;(7;),

262/54 () dat . :Zgi/4 _ () da?

* Their classical equatlons of motion plus the equations of motion of ‘the gauge potentials can be obtained from
the requirement that the action S = Sz 4+ S, + S1 be an extremum with respect to variation of the particle
trajectories and the gauge fields, where

S, = / Ly (2)dba Z / ma(u2) 2 dr, _ Z / eiAz:) + giC(x)]-uidr

ut' = dzt' /dT;
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Monopole-Philic Axion Model

[Zwanziger "71]

« Consider a realization of the electric and magnetic currents by point particles with trajectories x;(7;),

Zez/é4 () dat . :Zgi/4 _ () da?

* Their classical equatlons of motion plus the equations of motion of ‘the gauge potentials can be obtained from
the requirement that the action S = Sz 4+ S, + S1 be an extremum with respect to variation of the particle
trajectories and the gauge fields, where

Sz :/EZ(:U)d4:C Z/mz 1/2de S; = — Z/[eiA(a?i) + g:C(x;)] - u;dm
ut' = dzt' /dT; i

« Generalized Maxwell equations in terms of field strength fine, but Lorentz force

(( )—uaAA( D+ g:10 A C)])us

dr; \ (u2)1/2
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Monopole-Philic Axion Model

[Zwanziger "71]

« Consider a realization of the electric and magnetic currents by point particles with trajectories x;(7;),

262/54 () dat . :Zgi/4 _ () da?

* Their classical equatlons of motion plus the equations of motion of ‘the gauge potentials can be obtained from
the requirement that the action S = Sz 4+ S, + S1 be an extremum with respect to variation of the particle
trajectories and the gauge fields, where

Sz :/EZ(:U)d4:U Z/mz 1/2d7'Z S; = — Z/[eiA(a?i) + g:C(x;)] - u;dm
ut' = dzt' /dT; i

« Generalized Maxwell equations in terms of field strength fine, but Lorentz force

(( )—u[aAA( D+ g:10 A C)])us

qu; u2)1/2
=[e;F(x;) + g F(2:) ] -ui — Z(eigj — gie;) ”'/(”'a)_l(xi — ;) (ui Aug)?dry

(2

made up of familiar local term plus interparticle action at a distance depending on (n-9)~" (z — ¥)
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Monopole-Philic Axion Model

Relativistic classical dynamics of electrically and magnetically charged point particles [Zwanziger "71]

2
u; -

d [ miu; B
dr; (( )1/2) = [eiF(CUi) + giFd(a:i)}-ui — Z(eigj — gi€;) n/(n(‘)) (2; — ;) (us A uj)d dr,

« Last term, which seems to spoil Lorentz-invariance, does not contribute to dynamics
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Monopole-Philic Axion Model

[Zwanziger "71]

d [ miu; B
dr; <(u2)1/2> = [eF (i) + giF (i) ] ui = ) _(eig; — gie;) n'/(n-é?) (2 — ;) (u; Auy)?®dry

¢ j
« Last term, which seems to spoil Lorentz-invariance, does not contribute to dynamics

» Representing the kernel in the form ,

(n- /a554x—n3) (1—as)54(:c+ns))ds

one finds that the support of (n-9) ™" (z;(7;) — y;(7;)) is restricted to the “string”

zi (1) — 95 (1) = n¥'s, —00 < 8,7, Tj < +oC
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Monopole-Philic Axion Model

[Zwanziger "71]

d mil; B
dr; <(u2)1/2> - [GzF($z) + ngd(ng) } U — Z(eigj o giej) n/(na) (lez — :zzj) (Uz N\ Uj)dde

¢ j
« Last term, which seems to spoil Lorentz-invariance, does not contribute to dynamics

» Representing the kernel in the form ,

(n- /a554x—ns) (1—as)(54(az+ns))ds

one finds that the support of (n-9) ™" (z;(7;) — y;(7;)) is restricted to the “string”
zi (1) — 95 (1) = n¥'s, —00 < 8,7, Tj < +oC

» This condition will not be satisfied anywhere along a trajectory unless it is exceptional, because there are four
equations, but only three free parameters
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Monopole-Philic Axion Model

Quantum field theory of electrically and magnetically charged particles

* Quantum Electromagnetodynamics (QEMD):

[Zwanziger "71]
Loemp = Lz + Lo + Lp
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Monopole-Philic Axion Model

Quantum field theory of electrically and magnetically charged particles

* Quantum Electromagnetodynamics (QEMD):

[Zwanziger "71]
Loemp = Lz + Lo + Lp

Lz = 55|~ @A @ACH] + [1-(OAC) 0@ A A — (@A AP — 0@ 1O}

212
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Monopole-Philic Axion Model

Quantum field theory of electrically and magnetically charged particles

* Quantum Electromagnetodynamics (QEMD):

[Zwanziger "71]
Loemp = Lz + Lo + Lp

L, = 2—7122{— n-@AA)] 1@ NV + (@A) (@A A ~ @A AP — @A)}
Lo = 55 {1004+ 0(nC)7}
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Monopole-Philic Axion Model

Quantum field theory of electrically and magnetically charged particles

* Quantum Electromagnetodynamics (QEMD):

£QEMD _ EZ n £G n ,CD [Zwanziger "71]
Lr = 55 {= I @NA)-[-@ACY] + 0@AC) - [1-@ A A ~[n-(@ A A ~ [n-(0 A C)J*}
Lo = 55 {00 A) +10(n-0)}

Lp = ZE’? (2d — mp — ex A — g ') Vi
k
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Monopole-Philic Axion Model

Quantum Electromagnetodynamics (QEMD):

[Zwanziger "71]
Loemp = Lz + Lo + Lp
Ly = %{ OAA)]-[1-(OAC)H] + [1-(0AC)] - [n-@ A A ~ (@A AP — [n-(@ A O}
Lo = QL{ oo}

VY, (10 — mp — ex A — g Q') g

>

S

I
- g

Can be shown by path integral techniques that time-ordered Green’s functions of gauge-invariant local
operators are independent of n" if the Dirac-Schwinger-Zwanziger charge quantization condition holds,

€igj — €;0; = 2Tn;j, Ny; € 7 [Brandt, Neri, Zwanziger 78]
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Monopole-Philic Axion Model

 Integrate out p(x): X
Lrsvz ™ 58/&0“@ + Qiy,D'Q — (mQ@L Qrei®/ve h.C.)

* Last term can be brought to the form of a standard mass term by performing the field-dependent axial
transformation, @ — e~ 277 % Q| that is

Qr —e2v 9y, Qr — e 2w Qp
« However, fermionic measure in path integral is not invariant under axial transformations, cf.

DODO — DODO ¢t/ 4 2Lr(@)  where  [p — g‘_s L GG + £IPMP [Anton Sokolov, AR, arXiv:2205.02605]
T Vg

a : ' '
[QEMD _ L. Ah_{réo tr {75 exp (P2/A?) %z — )} with D, =0, —ieqoA, —igo 9oC,
T Ty
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Monopole-Philic Axion Model

 Integrate out p(x): X
Lrsvz ™ §8Ma0“a + Qiy,D'Q — (mQ@L Qrei®/ve h.C.)

* Last term can be brought to the form of a standard mass term by performing the field-dependent axial
transformation, @ — e~ 277 % Q| that is

Qr —e2v 9y, Qr — e 2w Qp
« However, fermionic measure in path integral is not invariant under axial transformations, cf.
DODQ — DQDQ et/ 4'#r@)  where  Lp = 2L GG 4 LMD [Anton Sokolov, AR, arXiv:2205.02605]
ST Vy

g™ = L (Zpa{@na) @na))+ Oé—]:Mtr{(@/\C) (07 0)'}

Vo \8T
+\/Z:7MDtr{(aAA) ((‘M(J)d})

Coefficients: E=3¢3, M =3g%, D =3q090
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Monopole-Philic Axion Model

[Anton Sokolov, AR, arXiv:2205.02605]

« Resulting generalized axion Maxwell equations for experiment and phenomenology:

VxB, — E; = gusr (Eo xVa — aBg) + gasm (BoxVa + aEy) ,
VXE, + B, = —gaun (BoxVa + aEg) — gasn (EoxVa — aByg) |
V-B: = —gaum Eo-Va + gaen Bo-Va,

V-E, = gurr Bo-Va — goru Eo-Va,

(02 +mz) a = = (gare — Garrs) Eo-Bo + garn (Eg — Bp)

 Here, E, and B, are axion-induced electric and magnetic fields, while Eq and B, are background electric and magnetic
fields created in experiments of astrophysical environments

DESY. | Electromagnetic Couplings of Axions | Andreas Ringwald, GGl Workshop on "Axions across Boundaries ...", Florence, Italy, April 26 - June 9, 2023 Page 62



Monopole-Philic Axion Model

[Anton Sokolov, AR, arXiv:2205.02605]

« Resulting generalized axion Maxwell equations for experiment and phenomenology:

VxB, — E; = gusr (Eo xVa — aBg) + gasm (BoxVa + aEy) ,
VXE, + B, = —gaun (BoxVa + aEg) — gasn (EoxVa — aByg) |
V-B: = —gaum Eo-Va + gaen Bo-Va,

V-E, = gurr Bo-Va — goru Eo-Va,

(02 +mz) a = = (gare — Garrs) Eo-Bo + garn (Eg — Bp)

 Here, E, and B, are axion-induced electric and magnetic fields, while Eq and B, are background electric and magnetic
fields created in experiments of astrophysical environments

» Electromagnetic couplings: ay M ooy D o E
Jamm — AT GJaeMm = AT Jarg — — — 1.92
27 fa N 27 fa N 27 fo \ N
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Monopole-Philic Axion Model

[Anton Sokolov, AR, arXiv:2205.02605]

« Resulting generalized axion Maxwell equations for experiment and phenomenology:

VxB, — E, = guss (Eo xVa — aBy) + gaen (BoxVa + aEo)
VXE,+ B, = —gaun (BoxVa+ aEg) — gamu (EoxVa —aByg) ,
VB, = —gavnm Eo-Va + gaen Bo-Va,

V-E, = gurr Bo-Va — goru Eo-Va,

(82 + mi) a = — (gaEE — gaMM) EO'BO + Garm (E(Z) T B(Q))

 Here, E, and B, are axion-induced electric and magnetic fields, while Eq and B, are background electric and magnetic
fields created in experiments of astrophysical environments

» Electromagnetic couplings: ay M ooy D o E
— - R — — — —1.92
Jamm 27Tfa N > Gaewm 27Tfa N > (ueEr 27Tfa ( 9 )

N
* Huge hierarchy because of DSZ charge quantization condition:
a=e’/dn ~ 1/137, an = gi/4n = 97/ ~ 3.87 x 10°
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Monopole-Philic Axion Model
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adapted from [Sokolov,AR 2205.02605]
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Monopole-Philic Axion Model
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adapted from [Sokolov,AR 2205.02605]
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Monopole-Philic Axion Model
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Monopole-Philic Axion Model

« Conversion of relativistic axions into photons
and back in transverse magnetic fields and so-
lar axion emission through Primakoff effect or
photon coalescence are all given by conventio-
nal expressions, but with ga~+ — ganrms

« This axion solves strong CP problem and si-
multaneously may explain astrophysical hints

» Excessive energy losses of horizontal branch
stars in globular clusters
» Transparency of universe for TeV gamma rays
« Constraint from CAST helioscope already

establishes an upper bound on the axion mass
in this model of order 106 eV

« ALPS Il and (Baby)IAXO can probe this axion
down to a mass of around 107 eV
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Monopole-Philic Axion Model

Phenomenological implications

« An axion in the parameter range by ALPS I
and (Baby)IAXO naturally 100% DM, cf.

1.165

Qaxion DM - (6 /,LGV) 02

~ initial
Opwm Mg
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Monopole-Philic Axion Model
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Monopole-Philic Axion Model

« An axion in the parameter range by ALPS II J__>_.
and (Baby)IAXO naturally 100% DM, cf. =
anion DM (6 /'Lev)l.165 02 /Hz
m ~ m, initial

 Low-mass haloscopes exploiting a solenoidal
DC magnetic field and a lumped element LC
circuit structure, such as ADMX SLIC or k)
WISPLC are originally designed to search for .o
the axion dark matter induced oscillating mag-
netic field rather than for the induced electric
field, meaning that they are sensitive only to
the sub-dominant coupling g¢,.. . With a simple
change from a toroidal pick-up loop to a sole-
noidal one those experiments can access the
coupling Yaem .

XXXXXXXXX
XXXXXXXXX

[Li,Zhang,Dai, *22]
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Monopole-Philic Axion Model

« An axion in the parameter range by ALPS Il .
and (Baby)IAXO naturally 100% DM, cf. IJz—_
anion DM 6 :uev 110 02 /{/r
m ~ Me initial

 Low-mass haloscopes exploiting a solenoidal
DC magnetic field and a lumped element LC
circuit structure, such as ADMX SLIC or
WISPLC are originally designed to search for
the axion dark matter induced oscillating mag-
netic field rather than for the induced electric
field, meaning that they are sensitive only to
the sub-dominant coupling g¢,.. . With a simple
change from a toroidal pick-up loop to a sole-
noidal one those experiments can access the
coupling Ya=m . TO access the most-dominant
coupling gann, the DC solenoidal magnet in =
those experiments has to be replaced by a [Li Zhang,Dai, "22]
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Monopole-Philic Axion Model

« An axion in the parameter range by ALPS Il
and (Baby)IAXO naturally 100% DM, cf.

N (6 Hev)1.165 02
QDM initial

Mg
 Low-mass haloscopes exploiting a solenoidal
DC magnetic field and a lumped element LC
circuit structure, such as ADMX SLIC or
WISPLC are originally designed to search for
the axion dark matter induced oscillating mag-
netic field rather than for the induced electric
field, meaning that they are sensitive only to
the sub-dominant coupling g¢,.. . With a simple
change from a toroidal pick-up loop to a sole-
noidal one those experiments can access the
coupling Ya=m . TO access the most-dominant
coupling gann, the DC solenoidal magnet in
those experiments has to be replaced by a

anion DM
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Conclusions

* Proposed a new family of KSVZ-type axion models where the exotic quark carries magnetic charge
« These models have parametrically enhanced electromagnetic couplings
 These models can explain various “hints” with one stroke

« Strong CP conservation

Quantisation of charge

Observed dark matter abundance

Anomalous TeV-transparency of the Universe

Cooling of horizontal branch stars in globular clusters
« For masses above 107 eV, these models can be probed decisively with ALPS Il and (Baby)IAXO

 Lumped element search based low-mass haloscopes have to be re-designed to be sensitive to the enhanced
couplings

DESY. | Electromagnetic Couplings of Axions | Andreas Ringwald, GGl Workshop on "Axions across Boundaries ...", Florence, Italy, April 26 - June 9, 2023 Page 74



Conclusions

* Proposed a new family of KSVZ-type axion models where the exotic quark carries magnetic charge
« These models have parametrically enhanced electromagnetic couplings
 These models can explain various “hints” with one stroke

« Strong CP conservation

Quantisation of charge

Observed dark matter abundance

Anomalous TeV-transparency of the Universe

Cooling of horizontal branch stars in globular clusters

« For masses above 107 eV, these models can be probed decisively with ALPS Il and (Baby)IAXO

 Lumped element search based low-mass haloscopes have to be re-designed to be sensitive to the enhanced
couplings

Anton Sokolov will provide more details on the phenomenology
of the monopole-philic axion later in this workshop!
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Monopole-Philic Axion Model

« Axion-photon conversion in external field described by
(82 +m?2)a = — (gape — Jarin) E-B + gapy (E* — B?)

» Constraints from axion-photon conversion stay approximately the same, with the identification g~ — gunrms

d d
¢ ¢
Y > gw v
§ B B
,7* ,7*

(gaMMWBo)4 sin4 m?L LBO
m8 4w ’

(gaEMwBO)Q(gCLMMwBO)Q SiIl4 mZ LBO
ms 4w

« If signal detected in both channels, one can compare the theoretically derived ratio of CP-violating and CP-
conserving couplings in a given model with the experiment

e LSW:

P('y”—)a%v):l()’

Py, = a— ) ~16
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Monopole-Philic Axion Model

» Idea of proof of Lorentz invariance of QEMD [Brandt, Neri, Zwanziger “78]

» For the proof of n-indendence (Lorentz invariance) of the point-particle theory it was essential to use the point structure
of particle charge

» The quantum field theoretic proof of n-indepence (and Lorentz invariance) is based on the functional integral formula-
tion of QEMD

Generating functional of conserved-current Green’s functions of gauge-invariant in terms of a functional integral over
fermion and gauge fields

Zla,¢] = N | DYDYDADC exp {i (Sz[A+a,C+ ]+ Sg[A+a,C+d + SplA+a,C+ ¢4, ¢)) }
Functional integral over fermions can be converted into series of integrals over closed point-particle trajectories
Remaining Gaussian integration over gauge fields can be performed [Feynman "48; Schwinger 51]

n-dependent term in the effective action functional is proportional to e;g; — ¢;9; and the number of times the
trajectory of one particle intersects some oriented 7,-dependent three-surface associated to the trajectory of
another particle, which is simply an integer but for some exceptional trajectories that form a measure zero subset
and can therefore be omitted in the integral over all trajectories

Requiring DSZ quantization conditione;g; — e;9; = 2mm, m € 7Z for of all possible (i,j) pairs ensures that the n-
dependent contribution to the action is always equal to 27k, k € Z, ensuring that Z|a, ¢|is independent of n
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