(Benchmark)
Axion Models

Andreas Ringwald
Lecture in Training Week of
Galileo Galilei Institute Workshop

Axions across Boundaries between Particle Physics, Astrophysics, Cosmology and Forefront Detection
Technologies

Florence, ltaly

April 26 - 28, 2023
CLUSTER OF EXCELLENCE
HELMHOLTZ 550080 QUANTUM UNIVERSE



Plan

 Recap: Peccei-Quinn Solution of the Strong CP Problem
« KSVZ Model

« DFSZ Model

« GUT Axion Model
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Recap: Peccei-Quinn Solution of the Strong CP Problem

 Add to the Standard Model (SM) a Nambu-Goldstone field, 6(z) = a(z)/ f, € [—m, 7], which interacts with
the SM like a dynamical theta parameter,

~ 2 ~
L5026 (2)GPH (x) + 0,6(x) 9"6(x) + (=) PG ()G ()

r  H¥ St MY
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Recap: Peccei-Quinn Solution of the Strong CP Problem

 Add to the Standard Model (SM) a Nambu-Goldstone field, 6(z) = a(z)/ f, € [—m, 7], which interacts with
the SM like a dynamical theta parameter,

~ 2 ~
L5026 (2)GPH (x) + 0,6(x) 9"6(x) + (=) PG ()G ()

r  H¥ St MY

« In analogy to pion physics, f, dubbed ‘decay constant’
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Recap: Peccei-Quinn Solution of the Strong CP Problem

 Add to the Standard Model (SM) a Nambu-Goldstone field, 6(z) = a(z)/ f, € [—m, 7], which interacts with
the SM like a dynamical theta parameter,

~ 2 ~
L0 2G (2)GY (z) + L0,6(x) 96 (x) + 0(x) TG (2)GO ()

r  H¥ St MY

« In analogy to pion physics, f, dubbed ‘decay constant’

 Dimension 5 interaction; theory breaks down at scales of order f,; needs UV completion at scales above this scale
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Recap: Peccei-Quinn Solution of the Strong CP Problem

 Add to the Standard Model (SM) a Nambu-Goldstone field, 6(z) = a(z)/ f, € [—m, 7], which interacts with
the SM like a dynamical theta parameter,

7 s ~ v 5 Qg ~ v
LD0 S—WGZV(x)Gb’“ (%) + 5 0,0(x) 0"0(x) + 0(x) 8—7TG,‘;V(g[;)aw ()
« In analogy to pion physics, f, dubbed ‘decay constant’

 Dimension 5 interaction; theory breaks down at scales of order f,; needs UV completion at scales above this scale

* 0 -parameter of QCD can be eliminated by the shift 9(z) — 6(z) — 0 :

LOO2G (2)GP (2) + 0(z) =G (2)GOH (x)

St HY Sr  H¥

S 0(2)=2GY (2)GP ()

St ¥
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Recap: Peccei-Quinn Solution of the Strong CP Problem

Peccei-Quinn mechanism  [Peccei,Quinn 77]
«  Dynamics of 8(z) = a(x )/fa, at energy scales below fa, but above Aqcp, described by

LD —“a ,0(2) 910(2) + 0(z) —=GP (2)GPH (2)

8w M

DESY. | (Benchmark) Axion Models | Andreas Ringwald, Lecture in Training Week of GGl Workshop on "Axions across Boundaries ...", Florence, Italy, April 26 - 28, 2023 Page 7



Recap: Peccei-Quinn Solution of the Strong CP Problem

[Peccei,Quinn 77]

«  Dynamics of 8(z) = a(x )/fa, at energy scales below fa, but above Aqcp, described by

Lo —aa 10(x) 9"0(z) +6(x) =G}, ()G (@)
ST
* Atenergies below Aqqp.

f2 \/1 219 i [Di Vecchia,Veneziano "80; Leutwyler,Smilga 92 |
£ 5-0,0(x)0"0(x) — m? f2 zl ! 2 COS e
<

Field dependence of effective potential coincides with theta-dependence of vacuum energy in QCD

AVA

=377 —én —}r 0 JT
alf,

V(a)

MRS

[Grilli di Cortona et al. "16]

27 37T
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Recap: Peccei-Quinn Solution of the Strong CP Problem

[Peccei,Quinn 77]

«  Dynamics of 8(z) = a(x )/fa, at energy scales below fa, but above Aqcp, described by

Lo —“a 10(x) 9"0(z) +6(x) =G}, ()G (@)
ST
* Atenergies below Aqqp.

f2 \/1 219 i [Di Vecchia,Veneziano "80; Leutwyler,Smilga 92 |
£ 5-0,0(x)0"0(x) — m? f2 zl ! 2 COS e
<

Field dependence of effective potential coincides with theta-dependence of vacuum energy in QCD

AVAN

=377 —én —}r 0 JT
alf,

 There is no strong CP violation in the vacuum: (0)y = 0

V(a)

[Grilli di Cortona et al. "16]

27 37T
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Recap: Peccei-Quinn Solution of the Strong CP Problem

PQ mechanism predicts pseudo Nambu-Goldstone boson
[Weinberg 78; Wilczek 78]

\/1+z2+2,zcos (%)

1
_ % _ 2 £2
LD zaua(x)(? a(x) —m: f: 5

V(a)

, Florence, ltaly, April 26 - 28, 2023 Page 10
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Recap: Peccei-Quinn Solution of the Strong CP Problem

PQ mechanism predicts pseudo Nambu-Goldstone boson
[Weinberg 78; Wilczek 78]

\/1 + 22 + 2z cos (a(x))

1+ 2z

V(a)

Lo %@La(x)@“a(fﬁ) —m2 f?

=377 =277 3T

« There is a particle excitation of the field a(x), which is dubbed “axion”

» Cleans up a problem associated with an axial current

WITH

| Prilled enzymes
.| Grease and oil dissolvers

|-*| Fabric whitener and
brightener

NET. WT. 38 078
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Recap: Peccei-Quinn Solution of the Strong CP Problem

PQ mechanism predicts pseudo Nambu-Goldstone boson
[Weinberg 78; Wilczek 78]

\/1+z2+2,zcos (%)

1+ 2z

V(a)

Lo %@La(x)@“a(fl‘) —m2 f?

« There is a particle excitation of the field a(x), which is dubbed “axion”

» Cleans up a problem associated with an axial current

« The axion mass determined by the second derivative of the effective
potential: Vz my fr
YT l4z fa

WITH
] Prilled enzymes
.| Grease and oil dissolvers

|| Fabric whitener and
brightener

NET. WT. 38 078
DESY. | (Benchmark) Axion Models | Andreas Ringwald, Lecture in Training Week of GGI Workshop on "Axions across Boundaries ...", Florence, Italy, & SN Page 12



Recap: Peccei-Quinn Solution of the Strong CP Problem

PQ mechanism predicts pseudo Nambu-Goldstone boson
[Weinberg 78; Wilczek 78]

\/1 + 22 + 2z cos (a(m))

1+ 2z

V(a)

Lo %auamaﬂa(x) —m2 f?

« There is a particle excitation of the field a(x), which is dubbed “axion”

» Cleans up a problem associated with an axial current

« The axion mass determined by the second derivative of the effective

potential: N Vz my fr
YT l4z fa
« Parametrically suppressed by decay constant: axion very light if decay constant
large: .~ 6 meV (109 GeV)
Ja

WITH
[*] Prilled enzymes
[*]] Grease and oil dissolvers

[*’] Fabric whitener and
brightener

NET. WT. 38 075
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Recap: Peccei-Quinn Solution of the Strong CP Problem

PQ mechanism predicts pseudo Nambu-Goldstone boson
[Weinberg 78; Wilczek 78]

\/1 + 22 + 2z cos (a($)>

1+ 2z

V(a)

Lo %aﬂa@)aﬂa(az) —m2 f?

« There is a particle excitation of the field a(x), which is dubbed “axion”

» Cleans up a problem associated with an axial current

« The axion mass determined by the second derivative of the effective

potential: Vz my fr
“T 142 f,

« Parametrically suppressed by decay constant: axion very light if decay constant

large: 10° GeV

m, ~ 6 meV (—)
Ja

« Precise calculation, by including O(«)QED corrections and NNLO corrections IL jvgvr:fngdenzzmﬁ .

in chiral perturbation theory: 10° GeV [Gorghetto et al. 18] © Fabric whitner and

. = 5.691(51) (—) meV
f a \JET WT. 38 073
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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]

Minimal hadronic axion

712 ° — . —
LKSVZ - |8Iu0'|2 — )\J (|0'|2 — f) + Q’L’)/MD“Q — (’yQQLQRO' + h.C.)

« Decomposing the scalar field in polar coordinates,

o(x :L v 7)) ')/ ve
(2) ﬂ(ﬁrﬂ( )

we see that this model features three BSM particles

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

112 ° — . —
LKSVZ - |8M0|2 — )\J (|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

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

112 ° — . —
LKSVZ - |8M0|2 — )\J (|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(z): M, = \/ 2A;V,

[Raffelt]
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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(z): M, = \/ 2A;V,
: Yo
3. New fermion: mo = —=Us
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(z): M, = \/ 2A;V,
: Yo
3. New fermion: mo = —=Us
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]
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

Minimal hadronic axion

1)2 > — . —
LKSVZ = |8MU|2 — )\g (|0'|2 — ?G) —+ QZ’)/MD“Q — (yQQLQRO' -+ h.C.)
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

Minimal hadronic axion

 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

QL — €37 9y, Qpr — €~ 2% Qp
« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,
DODO — DQDQ Det (e“a(fﬂ)/%)%)
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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

QL — €37 9y, Qpr — €~ 2% Qp
« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,
DODO — DODQ Det (62'(@(%)/%)75) — DODQ ¢t J d*w(a@)/vs)tr(75)5(0)
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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

QL%Q%%QL, QR%G_%%QR
« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,
DODQ — DODQ Det (e“a(w)/%)%) — DODO ¢t A'e(a(@)/ve)tr(1:)60) — pOPQ ¢t f 4 wLr(x)
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):
1 i ) 1a/v
Lrsvy =~ iﬁuaﬁﬂa + Qivy,DHQ — (mQQLQRe [ve 4 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
Q — e Q, Qpr — €~ 2% Qp
« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,
DODQO — DODQ Det (e“a(w)/%)%) — DODO ¢t A'e(a(@)/ve)tr(1:)60) — pOPQ ¢t f 4 wLr(x)

a\xr .
LEP(z) = 5 ). Jim tr {75 exp (P?/A*) 6% (z — y)} [Fujikawa 79]
7 T—Y

DESY. | (Benchmark) Axion Models | Andreas Ringwald, Lecture in Training Week of GGl Workshop on "Axions across Boundaries ...", Florence, Italy, April 26 - 28, 2023 Page 28



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

 Integrate out p(x):
Lrsvz ™ %8,,@5’”@ + Qiy,D"Q — (mQ@LQRem/UU + h-C->
* Last term can be brought to the form of a standard mass term by performing the field-dependent axial
transformation, @ — e~ 2% Q thatis
Qp e Qr,  Qr—e 2% Qp
« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,

DODQ — DODQ Det (e“a(w)/%)%) — DODO ¢t A'e(a(@)/ve)tr(1:)60) — pOPQ ¢t f 4 wLr(x)

QCD _alz) _ g; a(x) = )
Lg (x) = o /\h—{%o tr {75 exp (E2/A2) 54($—y)} = 397 o, GG(x) [Fujikawa 79]

T—Y
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KSVZ Axion Model [Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):
Lxsvz ~ %8,,@5’”@ + Qi D'Q — (mQ@LQRem/UU + h-C->
* Last term can be brought to the form of a standard mass term by performing the field-dependent axial
transformation, @ — e~ 2% Q thatis
Qp e Qr,  Qr—e 2% Qp
« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,

DODQ — DODQ Det (e“a(w)/%)%) — DODO ¢t A'e(a(@)/ve)tr(1:)60) — pOPQ ¢t f 4 wLr(x)

CD a(z) : 9? a(r) ., =
L3P (z) = o - Jim {vsexp (P?/A?) 6% (z —y)} = 3972 0. GG(x)  [Fujikawa 79]

T—Y

Js
0 000000¢ g

a---- VQ
Q

\QQQQQQC
Js g
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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

QL%Q%%QL, QR%G_%%QR
« However, fermionic measure in path integral not invariant under space-time dependent axial transformations,
DODQ — DODQ Det (e“a(w)/%)%) — DODO ¢t A'e(a(@)/ve)tr(1:)60) — pOPQ ¢t f 4 wLr(x)

£§CD (x) = al(z) - lim tr {75 exp (E2/A2) 54(1' — y)} _ 9 () Gé(w) [Fujikawa 79]

Vo A—00 327'('2 Vo
T—Y
« Therefore,
10,0 — g% a
Lxsvz =~ —8 ad"a + Qiv, D" Q + §U—Q7 159~ (meQrQn +h.c.) + 3272 ’U_GG
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KSVZ Axion Model

Integrate out p(x):
1 — _ .
Lrsvz ™ —8Ma6’”a + Qiv, D" Q — (mQQLQRem/% + hi?-)

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

QL%Q%%QL, QR%G_%%QR
However, fermionic measure in path integral not invariant under space-time dependent axial transformations,
DODQ — DODQ Det (e“a(w)/%)%) — DODO ¢t A'e(a(@)/ve)tr(1:)60) — pOPQ ¢t f 4 wLr(x)

LEP(z) = Gl tr {vs exp (P?/A?) 6*(z —y)} = 9, _alz) GG(r)  [Fujkawa 79]

Vo A—00 327'('2 Vo
T—Y
Therefore,
10,0 — g% a
Lxsvz =~ —8 ad"a + Qiv, D" Q + §U—Q7 159~ (meQrQn +h.c.) + 3272 ’U_GG

Now we can also safely integrate out the heavy exotic quark:

g a
L ~ —3d,a0" s~ GG
KSVZ = 5 ,a0™a + 3972 0.
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KSVZ Axion Model

Integrate out p(x):
1 — _ .
Lrsvz ™ —8Ma6’“a + Qiv, D" Q — (mQQLQRem/UU + hi?-)

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

QL%Q%%QL, QR%G_%%QR
However, fermionic measure in path integral not invariant under space-time dependent axial transformations,
DODQ — DODQ Det (e“a(w)/%)%) — DODO ¢t A'e(a(@)/ve)tr(1:)60) — pOPQ ¢t f 4 wLr(x)

LEP(z) = Gl tr {vs exp (P?/A?) 6*(z —y)} = 9, _alz) GG(r)  [Fujkawa 79]

Vy  A—roo 3272 v,
r—Yy
Therefore,
i u 10,0 — 9> a
LKrsvy = —(9 a0t a + QWMD Q + iv—ny v5Q — (mQQLQR + h.c.) + 39,3 U—GG
Now we can also safely integrate out the heavy exotic quark 6 = a/v, is indeed a dynamical g-parameter!
Lrsyy >~ “8 08“0+9—GG Ja =g
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Generalized 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 2 2 F
g a _ =~ e a .~
L ~ —0,a0"a + —= —GG +
REVZ = 5 %m 3272 £, 3272 N f,
« Axion decay constant: f, = v, /N
« Anomaly coefficients N and E:
U(1)pq x SU(3). x SU(3). U(1)po x U(1)e x U(1)e
Js qo €
qo €
gs
1 1 ) .
N=Xo,—Xop=5-|-3) =1 E=6(Xo, —Xos)q0 =695
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Generalized KSVZ Axion Model

]_ 1 « CCL L ZCa, T, vV
»CKSVZ ~ 5({9“&8”& — §m2a2 + 8_7T f’y CLFMVF’M — 5 fWN a\I!NUW%\I!NF“
oz mafr 10"? GeV
(A TP “’6“ev( a )

« Couplings to SM suppressed by powers of axion decay constant

« KSVZ axion, for fo = vs/IN > v ~ 246 GeV | is a benchmark “invisible axion”
* Wilson coefficients:

« Electromagnetic coupling:

C . = £ . g 4+=z [Kaplan 85;Srednicki "85; Grilli di Cortona et al. "16]
“OON 31+
< Z2=my/mg = 1/2

* Nucleon electric dipole moment coupling:

Coyn = 2.4(1.0) x 10~ % e cm [Pospelov,Ritz *00]
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Generalized KSVZ Axion Model

Electromagnetic coupling

. mel+z(E 2442
Javy = o M T ot s Jz \N 3142
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Generalized KSVZ Axion Model

Electromagnetic coupling

«

Jary = 57 Can

a mgl—+z

E 244z

T fm, 2

(

N 314z

« “Band” of predictions for electromagnetic coupling
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10"
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10”
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Page 37



Generalized KSVZ Axion Model

Electromagnetic coupling

87

Jaryy = Wcav

a mgl—+z

E 244z

T fm, 2

(

N 31+z

« “Band” of predictions for electromagnetic coupling

« What if exotic quark carries a magnetic charge? isocoov.ar 21,22, 23

)
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Generalized KSVZ Axion Model

Electromagnetic coupling

. mel+z(E 2442 _‘
ga77_27_‘_fa CL'V_27_‘_f7Tm7T \/2 N 31‘|_Z 10 | | 1 | T
10°°
« “Band” of predictions for electromagnetic coupling (-0 CAST

ALPS-II

«  What if exotic quark carries a magnetic Charge? [Sokolov,AR 21, 22, 23] _T-— B
> --------------
* Its existence would explain not only strong CP conservation, 8 102
but also Charge quantisation [Dirac 1931, Schwinger 1966, Zwanziger 1968] =§‘: )
8o 107

oyl o vvvewd vl v vl o vl 3

10% 107 10°% 10° 10* 10° 102 10" 1 10
m, [eV]

[Di Luzio,Mescia,Nardi 16, 18]
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Generalized KSVZ Axion Model

_ Y a megl+z[(E 24+2
= —— ~ — = [ R —
Javy = o M T ot s Jz \N 3142 E
10 9:
« “Band” of predictions for electromagnetic coupling 0 of cast
_ _ , _ E ALPS-II
« What if exotic quark carries a magnetic charge? isokolov AR 21, 22, 23] 0L ko /e

* Its existence would explain not only strong CP conservation,
but aISO Charge quantisation [Dirac 1931, Schwinger 1966, Zwanziger 1968]

|8ayy|[GeV ']

T T TTT0 LELLLRLLL B

oyl o vvvewd vl v vl o vl 3

* Induced electromagnetic coupling:
gQg 1014
JaMM = O Mo 14 2 M Q M:6g2Q 10715
2w fr My V2 N
16} A
ge g 1010‘3107106105104103102101 1 10

m, [eV]

[Di Luzio,Mescia,Nardi 16, 18]
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Generalized KSVZ Axion Model

ayy = —C — -
Jarv = 90 N 31+z

o o «a mgl+z (FE 244z
T 2w frmae 2z

« “Band” of predictions for electromagnetic coupling

« What if exotic quark carries a magnetic charge? isocoov.ar 21,22, 23

* Its existence would explain not only strong CP conservation,
but aISO Charge quantisation [Dirac 1931, Schwinger 1966, Zwanziger 1968]

* Induced electromagnetic coupling:

go g
any mgl+ 2z M
~ , M = 6 g2
JaMM 2 fr my 2z N ° Jo
go g

« Parametrically enhanced due to charge quantisation:

2 2/ 2
QM:g_NW/e ~ oL :>ga’MMNof2~104
A 4 Jaryy
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Add to SM a singlet complex scalar field o, featuring a spontaneously broken global U(1)pg symmetry and
extend the Higgs sector of the SM to a Type-Il Two Higgs Doublet Model (2HDM)
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Add to SM a singlet complex scalar field o, featuring a spontaneously broken global U(1)pg symmetry and
extend the Higgs sector of the SM to a Type-Il Two Higgs Doublet Model (2HDM)

« Charge assignments: Field qr |ur |dr | L | lgp | H, | Hy |0
PQcharge || 0 | X, | Xq| 0| Xg| Xy | —Xg| 1 X, +X4=2
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

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

extend the Higgs sector of the SM to a Type-Il Two Higgs Doublet Model (2HDM)

« Charge assignments: Field gr, | ur | dr | L | lgp | Hy

Hyg

o

PQcharge || 0 | X, | Xq| 0 | X4 | X4

~Xy

1

* Most general Yukawa interactions (in Higgs literature dubbed “Type-II”):

—Ly = YUGLI:IUUR + quLHddR -+ YeZLHdeR + h.c.
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Add to SM a singlet complex scalar field o, featuring a spontaneously broken global U(1)pg symmetry and
extend the Higgs sector of the SM to a Type-Il Two Higgs Doublet Model (2HDM)

« Charge assignments: Field gr, | ur |dr | L | lg | H, | Hgq | o
PQcharge || 0 | X, | Xq| 0| Xg| Xy | —Xg| 1 X, +X4=2
* Most general Yukawa interactions (in Higgs literature dubbed “Type-II”):
—~Ly =Y, g, Hyur + Yag Hodp + Yol Hyer + h.c. H; = iryH}

» Most general scalar field potential:

V(H,, Hy,0) = M2, H H, + M2, H Hy + M?_ o*c
Au 2 A 2 Ay,

+ X (HHa) (HEH,) + A (HYH,) (H]H)

+ Ao (H;Hd) (0% 0) + Ao (H;EJHU) (0"0) — Mudo (H):Hd02 + h.c.)
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DFSZ Axion Model [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Add to SM a singlet complex scalar field o, featuring a spontaneously broken global U(1)pg symmetry and
extend the Higgs sector of the SM to a Type-Il Two Higgs Doublet Model (2HDM)

« Charge assignments: Field gr, |ugr |dr | L | lgp | H, | Hy |0
PQcharge || 0 | X, | Xq| 0| Xg| Xy | —Xg| 1 X, +X4=2
* Most general Yukawa interactions (in Higgs literature dubbed “Type-II”):
—~Ly =Y, g, Hyur + Yag Hodp + Yol Hyer + h.c. H; = iryH}

» Most general scalar field potential:

V(H,, Hy,0) = M2, H H, + M2, H Hy + M?_ o*c
Ad

)\U, 2 )\O' *

+ X (HHa) (HEH,) + A (HYH,) (H]H)
+ Ao (H;Hd) (0% 0) + Ao (H;EJHU) (0"0) — Mudo (H):Hd02 + h.c.)

« Last term responsible for explicit breaking of re-phasing symmetry,
U(l)Hu X U(l)Hd X U(l)a — U(l)y X U(l)pQ
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs

(Hy) =va/V2, (Hg) =va/V2, (o) =1:/V2
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs
(Hy) =vu/V2, (Hg) =va/V2, (0)=vs/V2

« The model features in total 4+4+2=10 scalar excitations (2 SU(2) doublets and 1 complex scalar).
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs
(Hy) =vu/V2,  (Hg) =va/V2, (0)=vs/V2
« The model features in total 4+4+2=10 scalar excitations (2 SU(2) doublets and 1 complex scalar).

» 3 of those are eaten by the W*and the Z° bosons
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs
(Hy) =vu/V2,  (Hg) =va/V2, (0)=vs/V2
« The model features in total 4+4+2=10 scalar excitations (2 SU(2) doublets and 1 complex scalar).

» 3 of those are eaten by the W*and the Z° bosons
« Remaining 7 are left in the spectrum
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs
(Hy) =vu/V2,  (Hg) =va/V2, (0)=vs/V2
« The model features in total 4+4+2=10 scalar excitations (2 SU(2) doublets and 1 complex scalar).

» 3 of those are eaten by the W*and the Z° bosons
« Remaining 7 are left in the spectrum
« 2 charged Higgses, H™*
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs
(Hy) =vu/V2,  (Hg) =va/V2, (0)=vs/V2
« The model features in total 4+4+2=10 scalar excitations (2 SU(2) doublets and 1 complex scalar).

» 3 of those are eaten by the W*and the Z° bosons
« Remaining 7 are left in the spectrum
« 2 charged Higgses, H™*

» 5 neutral spin-zero particles
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs
(Hy) =vu/V2,  (Hy) =va/V2, (0)=0v,/V2
- The model features in total 4+4+2=10 scalar excitations (2 SU(2) doublets and 1 complex scalar).
» 3 of those are eaten by the W*and the Z° bosons
« Remaining 7 are left in the spectrum
« 2 charged Higgses, H™*

» 5 neutral spin-zero particles
« 3 CP-even scalars: h, H, and p
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs
(H)) =vu/V2,  (Hg) =va/V2, (0)=1v,/V2
« The model features in total 4+4+2=10 scalar excitations (2 SU(2) doublets and 1 complex scalar).
» 3 of those are eaten by the W*and the Z° bosons
« Remaining 7 are left in the spectrum
« 2 charged Higgses, H™*

» 5 neutral spin-zero particles
« 3 CP-even scalars: h, H, and p
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs
(Hy) =vu/V2,  (Hg) =va/V2, (0)=vs/V2
« The model features in total 4+4+2=10 scalar excitations (2 SU(2) doublets and 1 complex scalar).

» 3 of those are eaten by the W*and the Z° bosons
« Remaining 7 are left in the spectrum
« 2 charged Higgses, H™*
» 5 neutral spin-zero particles
« 3 CP-even scalars: h, H,and p
« 2 CP-odd scalars: Aand a
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DFSZ AXion MOdel [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs
(Hy) =vu/V2,  (Hg) =va/V2, (0)=vs/V2
« The model features in total 4+4+2=10 scalar excitations (2 SU(2) doublets and 1 complex scalar).

» 3 of those are eaten by the W*and the Z° bosons
« Remaining 7 are left in the spectrum
« 2 charged Higgses, H™*
» 5 neutral spin-zero particles
« 3 CP-even scalars: h, H,and p
« 2 CP-odd scalars: Aand a

« For v, >v=4/v2+v3~246 GeV
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DFSZ Axion Model [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs
(Hy) =vu/V2,  (Hg) =va/V2, (0)=vs/V2
« The model features in total 4+4+2=10 scalar excitations (2 SU(2) doublets and 1 complex scalar).

» 3 of those are eaten by the W*and the Z° bosons
« Remaining 7 are left in the spectrum
« 2 charged Higgses, H™*
» 5 neutral spin-zero particles
« 3 CP-even scalars: h, H,and p
« 2 CP-odd scalars: Aand a
e For vy, >v=4/v2+0v:~246GeV: tg=tanf =v,/vq

+ 5heavy BSMscalars: my ~m3 &~ mys ~ Aoty (1 +13)/(2t) mo &~ \gv;
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DFSZ Axion Model [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs
(Hy) =vu/V2,  (Hg) =va/V2, (0)=vs/V2
« The model features in total 4+4+2=10 scalar excitations (2 SU(2) doublets and 1 complex scalar).

» 3 of those are eaten by the W*and the Z° bosons
« Remaining 7 are left in the spectrum
« 2 charged Higgses, H™*
» 5 neutral spin-zero particles
« 3 CP-even scalars: h, H,and p
« 2 CP-odd scalars: Aand a
e For vo > v=4/v2+0v:~246GeV: tg=tanf =v,/vq

+ 5heavy BSMscalars: my ~m3 &~ mys ~ Aoty (1 +13)/(2t) m2 ~ A\ v2

P
. SMHlike Higgs boson:  m3 &~ (Ag+ Auth +2(As + M) £3) v?/ (1 4+ £3)°
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DFSZ Axion Model [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

« Parameters in the scalar potential are chosen such that it attains minimum at the VEVs
(Hy) =vu/V2,  (Hg) =va/V2, (0)=vs/V2
« The model features in total 4+4+2=10 scalar excitations (2 SU(2) doublets and 1 complex scalar).

» 3 of those are eaten by the W*and the Z° bosons
« Remaining 7 are left in the spectrum
« 2 charged Higgses, H™*
» 5 neutral spin-zero particles
« 3 CP-even scalars: h, H,and p
« 2 CP-odd scalars: Aand a

e For vo > v=4/v2+0v:~246GeV: tg=tanf =v,/vq

« 5heavy BSMscalars: mj &~ m3 ~ my. ~ )\udavg(l + t%)/(2t5) mf, SP W1
. SMHlike Higgs boson:  m3 &~ (Ag+ Auth +2(As + M) £3) v?/ (1 4+ £3)°
« Axion (NG boson): massless at tree level
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DFSZ Axion Model [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

NG boson field eaten by the Z boson and axion field and can be parametrized in terms of phase directions:

1<) a(x) 1<) a(x) a(e)
HO(z) o v P57l HY2) ox e "X o(2) oc e e
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DFSZ Axion Model [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

NG boson field eaten by the Z boson and axion field and can be parametrized in terms of phase directions:

1<) a(x) 1<) a(x) a(e)
HO(z) o v P57l HY2) ox e "X o(2) oc e e

« Requiring orthogonality of those fields fixes the PQ charges:
X, =2(vg/v)? =2cos? B, Xgq=2(vy/v)* = 2sin* 3
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DFSZ Axion Model [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

NG boson field eaten by the Z boson and axion field and can be parametrized in terms of phase directions:

1<) a(x) 1<) a(x) a(e)
HO(z) o v P57l HY2) ox e "X o(2) oc e e

« Requiring orthogonality of those fields fixes the PQ charges:
X, =2(vg/v)? =2cos? B, Xgq=2(vy/v)* = 2sin* 3

 Canonical normalization of axion kinetic term fixes effective PQ scale:

Bo = (02 + 402/ (2 + 13)2
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DFSZ Axion Model [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

NG boson field eaten by the Z boson and axion field and can be parametrized in terms of phase directions:

1<) a(x) 1<) a(x) a(e)
HO(z) o v P57l HY2) ox e "X o(2) oc e e

« Requiring orthogonality of those fields fixes the PQ charges:
X, =2(vg/v)? =2cos? B, Xgq=2(vy/v)* = 2sin* 3
« Canonical normalization of axion kinetic term fixes effective PQ scale:
Bo = (02 + 402/ (2 + 13)2
« Integrating out massive scalars and perform an axion field dependent chiral transformation on the fermions

u— e Xuzicy,  d— e Nams g e — e XdTis e
to render the fermion mass terms axion field independent

_ X, 2 — Xy _ Xy
—Ly = myurugre " “% +mpdrdre” %% +mpgerere” "% +h.c
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DFSZ Axion Model [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

NG boson field eaten by the Z boson and axion field and can be parametrized in terms of phase directions:

1<) a(x) 1<) a(x) a(e)
HO(z) o v P57l HY2) ox e "X o(2) oc e e

« Requiring orthogonality of those fields fixes the PQ charges:
X, =2(vg/v)? =2cos? B, Xgq=2(vy/v)* = 2sin* 3
« Canonical normalization of axion kinetic term fixes effective PQ scale:
Bo = (02 + 402/ (2 + 13)2
« Integrating out massive scalars and perform an axion field dependent chiral transformation on the fermions

u— e Xuzicy,  d— e Nams g e — e XdTis e
to render the fermion mass terms axion field independent provides anomalous couplings to gauge bosons:

_ X, 2 — Xy _ Xy
—Ly = myurugre " “% +mpdrdre” %% +mpgerere” "% +h.c

— « a ~ Q 8 a ~
— MyUrLuRr + deLdR +MmMgeérer + - Ngen (Xu + Xd)~_ GZVGC’MV + — Ngen 5 (Xu + Xd)~_ F'U,VF’LU/
ST Vg 81 3 Vg
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DFSZ Axion Model [Zhitnitsky 80;Dine,Fischler,Srednicki 81]

o) a F a ~ 10,a
L = —(’9 ad"a i GC GC B F, F*+ Cla
DFSZ = + oo e 87r N, 2 . Z r s f

- Axion decay constant: f, = U, /N Vo = \/vg + 40?2 /(2 + 13)?
« Coefficients: . £ s
 Coupling to gluons: N = ngen(Xy + Xg) =6 E = §ngen<Xu + Xg4) =16 ~ N =3

» Coupling to fermions arise from field dependent chiral transformations via the fermion kinetic terms:
Xa sin25‘ Xy cos? 3
Cae — Cad — N — 3 ’ Cau — N — 3
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GUT Axion

« Gauge coupling unification needs at least one

intermediate scale; often discussed SSB chain:

SO(10) M =2 SU (4) e x SU(2) 1, x SU(2)r
MeL=l201 617(3) o x SU(2)1, x U(1)y
Mz=01817(3) e x U(1) em

SO(10)
54 210
SU(5)® Ull)y SU(4)c ® SU2), ® SUQ2)r

45
16 126
SU(4)c @ SUQ2), ® Ull)p \45 210

16 126 | SU(3)c ® SU(2), ® SU2)p @ U(1)5_y,

45 210 145 210

SU)

SUB)c@SUQR)L®Ut)r® Ull)s-.

16 126
16 126

SUB)c®SUR2)L,® Ul)y

5 K,
45 54 210 144

l 10 16 120 126 144 210

SUB)c® Ult)o [Di Luzio "11]
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[Ernst, AR, Tamarit, arXiv:1801.04906]

11[GeV]
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GUT Axion

| SO(10) | 4¢212r | 4¢211r | 3c21rlB_1 | 3c2p1y || scale |
165 (4,2,1) | (4,2,0) (3,2,0, 3) (3,2,2) =Q | Mz
1,2,0,-1) | (1,2,—3):=L | My
. - @12 | @GLLY) | BGLL-1) | B.L1)=d| M
« Gauge coupling unification needs at least one SRR (3(11, 71;131) (3<11,17})> —efl My
. . . . y Ly ™o sy 75y T3 L, =3 ) = U Z
intermediate scale; often discussed SSB chain: =N (1,1,0) == N | Mgy

SO(10) My =210x

SU(4)c x SU(2)1 x SU(2)R
MeL—1208 617(3) ¢ x SU(2) x U(1)y

Mz=01817(3) e x U(1) em

* Most general Yukawas:
Ly =165 (leOH 4 Viol0% + Ymmﬂ) 16

_ , _ « SSB vevs:
« SO(10) GUT with three copies of 16 automatically or = (10,3, 1)126) , = (10,1, 3)126) ,
features 020 = ((1,2,2)19,) v}% = ((15,2,2)128)
« neutrino masses and mixing * Fermion masses/mixing:
« baryogenesis via leptogenesis M, = Y100l? + V100?04 Yiggvl26

Md = Ylo’Ud + Yl()”U 107 + Y U126 ,
Me = Ylovéo + Ylov — 3Y126vd 26 ,
Mp = Yiov0 + Y10l — 3Y196022

Mp = Yi26VR,
ML == Y126UL .
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GUT Axion

Gauge coupling unification needs at least one
intermediate scale; often discussed SSB chain:

SO(10) M =2 SU (4) e x SU(2) 1, x SU(2)r
MeL=l201 617(3) o x SU(2)1, x U(1)y
Mz=01817(3) e x U(1) em

SO(10) GUT with three copies of 16 automatically
features

* neutrino masses and mixing

» baryogenesis via leptogenesis

PQ extension adds

« predictivity of fermion masses/mixing
 solution of strong CP problem

« DM candidate: axion
[Bajc et al. 06; Altarelli,Meloni 13; Babu,Khan 15]

PQ symmetry imposed:
16 — 16p€,
10y — 10H€_2ia,

WGH — EGHG_%Q,
210y — 210 et

Most general Yukawas:

Ly = 16F (Y1010H + Y126mH) 16 + h.c.

SSB vevs:
vy = <(m737 1)126> ’

Fermion masses/mixing.

M, = YlO’U 4+ Y196 ,
My = Yiouy® + Y126Ud :
M. = Yivy” — 3Y126047°
Mp = Yiov, — 3Y1260, ",
Mpgr = Yi26VR ,

My, = Yig6vy, .

DESY. | (Benchmark) Axion Models | Andreas Ringwald, Lecture in Training Week of GGl Workshop on "Axions across Boundaries ...", Florence, Italy, April 26 - 28, 2023

R = <(1O7 173)126> 3
vy = {(1,2,2).%) g = ((15,2,2).29)
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GUT Axion

« Axion decay constant: a!
fa ~ lMU 50\
3 gu :
o e
»  From gauge coupling unification, assuming minimal | ... |
scalar threshold corrections: 30¢ /,/
107 GeV 20;' //"/
me = 5.691(51) meV ~ 0.74 neV el ‘ ‘ ‘
fa 10° 10° 10'2 10%

[Ernst, AR, Tamarit, arXiv:1801.04906]

11[GeV]

My = 1.4 x 10'° GeV, ay(My)~ ' =33.6
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GUT Axion

« Axion decay constant: 10°GeV < vpy,
1 My 10 . -;
Jo ™30 — e Farr :
U % i LY .. ° .’..:. .0. R °
* From gauge coupling unification, assuming minimal % 17;‘ SRR 8 E
scalar threshold corrections: = 16} . X ;
'_'S : . .( ® l..:o.o: .fi z:'. .. .
10° GeV 50 15 SR P AN
Mma = 5.691(51) meV ~ 0.74neV S e
fa 14__ AL °® _:
« Taking into account scalar threshold corrections 13% ' ! - ' : —3
and constraints from black hole superradiance and 8 10 12 14
proton decay: logyo[MpL|GeV]]
0.02neV < m, < 2.2neV [Ernst, AR, Tamarit, arXiv:1801.04906]
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GUT Axion

« Low energy couplings to SM gauge bosons iden-
tical to DFSZ axion, but here decay constant fixed

by GUT scale [Ernst, AR, Tamarit, arXiv:1801.04906]
qcp _ 1 pqg_ L o0 @ Cay g
Lo = 26MA8 A 2mAA + o 7 AF,F
Cap 5t CaN Cag
— OA | =P 'y P + ——N y'ysN + ——E' 'y E|
S ET7R T T
Cay = g —1.92(4),
Cap = —0.62+0.43cos® 3 £ 0.03,

Can = 0.26 — 0.41 cos? B+ 0.03,
1

Cag = g Sin2 B,

where we defined

2 2
vy + v3

25 _
tan“ 3 = )
2 2

v5 + v}

« Electromagnetic coupling may be probed by succes-

sor of ABRACADABRA: DMRadio-GUT

V=#ig/
Hz kHz MHz GHz

—PBroad: B,y = 5T, Vg=1m?
— -Broad: Bypyy = 20T, Vg =1m?

---- Broad: By, = 5T, Vg = 100 m >
——Res: By = 5T, Vg=1m?
10713 |- -Res: By = 20T, Vg =1m?
~-- Res: By = 5T, Vg =100 m ?

-1s L -~
Y <
O% ]0—‘13T
TP T

1 1 1

1017 f‘; (GeV) 1015

1074 superradianceg!s

llimits . . .

107# 10712 107 107% 10°¢
mg (eV)

[Ernst 18; ABRACADABRA prospects from Kahn,Safdi, Thaler 16]
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GUT Axion

SO(10) x U(1)pq GUT model

« Low energy couplings to SM gauge bosons iden-
tical to DFSZ axion, but here decay constant fixed

by GUT scale [Ernst, AR, Tamarit, arXiv:1801.04906]
aco _ Ly ygug Lo g2 @ O g g pu
Lot 26;“46 A 2mAA +87r T AF,F
Cap—t CAN —t Cap—t
— WA | =—P'y#*y5P + ——N'~4t~vsN + —=E'y* v E
Oy 2f s +2fA s +2fA Yy E|
Cay = g —1.92(4),
Cap = —0.62+ 0.43cos® B £ 0.03,

Can = 0.26 — 0.41 cos® 8 £ 0.03,
Cag = 3 Sil’l2 B,

where we defined

« Electromagnetic coupling may be probed by succes-

sor of ABRACADABRA: DMRadio-GUT

DESY. | (Benchmark) Axion Models | Andreas Ringwald, Lecture in Training Week of GGI Workshop on "Axions across Boundaries ...",

Better reach

Frequency
MHz

P
>
]
0
e
=
&
o
o)
g
jon
=
e]
0
=
2

neV
Axion Mass m, (eV)

Florence, ltaly, April 26 - 28, 2023

peV

These upgrades
can get us to the
QCD axion band!

C.Salemi 67

[Salemi 21]
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GUT Axion

SO(10) x U(1)pq GUT model

« Low energy couplings to SM gauge bosons iden-
tical to DFSZ axion, but here decay constant fixed

by GUT scale [Ernst, AR, Tamarit, arXiv:1801.04906]
£ — —a A" A — lm2 w24 2l g
int H A 87T fA
C 51 /.L C T # C -t m
0uA fP P+2fN N—|—2f E'~v ~NsE|
Cay = g —1.92(4),

Cap = —0.624 0.43cos’ 5+ 0.03,

Can = 0.26 — 0.41 cos® 8 + 0.03,

1
Cap = gsin%,

where we defined

« Coupling to nucleon electric dipole moment may be

probed by CAPEr-Electric

DESY. | (Benchmark) Axion Models | Andreas Ringwald, Lecture in Training Week of GGI Workshop on "Axions across Boundaries ...",

axion QCD coupling g4 (GeV?)

axion Compton frequency (Hz)

102 10° 100
! SN1987A

|

|

|

I

10°® 10
axion mass (eV)

[Ernst 18; CASPEr prospects from Kimball et al. 17]
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GUT Axion

« Original non-SUSY SU(5) model comprised of
[Georgi, Glashow 74]
« three copies of 10 and 5. representing chiral SM

matter fermions

« 245 and 5g, representing Higgs bosons

DESY. | (Benchmark) Axion Models | Andreas Ringwald, Lecture in Training Week of GGl Workshop on "

2
3

_ 1
10F=(3, 1,——) e(3,2,+—) o (1,1, +1),
F, 6/ ——

-
-
-

- 1 1

SF=1\31,+=) ®(1,2, —<],

' ( 3)5 ( 2>F,
& v

@(3,2,—§) e<3,2,+§>,
& %u L Y

|
SH =<3,1,__) e(ly2)+_) ’
A\ S H
T o

Axions across Boundaries ...", Florence, Italy, April 26 - 28, 2023
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GUT Axion

« Original non-SUSY SU(5) model comprised of
[Georgi, Glashow 74]
« three copies of 10 and 5. representing chiral SM

matter fermions

« 24 and 55, representing Higgs bosons

fails phenomenologically:

 Neutrinos massless

* No gauge coupling unification

1/a

1/a,,

1/a,

[StackExchange]

10? 10% GeV

DESY. | (Benchmark) Axion Models | Andreas Ringwald, Lecture in Training Week of GGl Workshop on "

2
3

- 1
10F=(3, 1,—_) e(3,2,+—) ® (1,1, +1)
F 6 F

-
-
-

- 1 1

5p=1(31,+=) &(1,2, —=),

' ( 3)5 ( 2>F,
& v

5 - 5
®(3,2——| &(3,2 +-),
g 6)H ( 6>@

|
5H=<3,1,——) e(1,2,+—) ,
A\ S B
T H

Axions across Boundaries ...", Florence, Italy, April 26 - 28, 2023
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GUT Axion 10F=(§,1,—%)Fe(3,2,+é)Fe(1, L +1),

3 J .
u 9 ‘
«  Original non-SUSY SU(5) model comprised of 5, = (3, L+ l) ® (1, ) - l) ,
[Georgi, Glashow 74] A 3 Fo 2 F
« three copies of 10 and 5. representing chiral SM )4 M
matter fermions
« 24y and 557, representing Higgs bosons 24p=(1,1,0)y®(1,3,0),® (8, 1,0)y
fails phenomenologically: o S T 50”
®(3,2—->) ©(3,2+=),
+ Neutrinos massless g 6)@ g 6>@
* No gauge coupling unification X Xu
« Simple solution: add a 24r  [Baic, Senjanovic 07] 5, = (3, - %) ® (1, >+ %) ,
H H
» Mixture of type-l and type-Ill seesaw from electroweak 4 M
fermion singlets and triplets, S = (1,1,0)r and
Tr = (1,3,0) 24F=£1,1\,r0)€e£1,3\;0)5®£8, 1\,(0)5
S Tr oF
5 _
e(3,2,——) 69(3,2, +—) ,
J )
X %,
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GUT Axion

« Original non-SUSY SU(5) model comprised of
[Georgi, Glashow 74] 60

: (04
« three copies of 10 and 5. representing chiral SM \

matter fermions 50 ¢

mg my, |Mg

/"

T T
~
\(
W
| I, |

« 24 and 55, representing Higgs bosons 40 [
fails phenomenologically: :
* Neutrinos massless

* No gauge coupling unification

« Simple solution: add a 24p [Bajc, Senjanovic 07]

| 1 1 1 1 | L L L L |

5 10 15

» Mixture of type-l and type-Ill seesaw from electroweak
fermion singlets and triplets, S = (1,1,0)r and
Tr = (1,3,0) log,(k/GeV)
« Gauge coupling unification: electroweak fermion and [Di Luzio, Mihaila 13]
scalar triplets, Tr = (1,3,0) and Tr = (1,3,0), de-
lay meeting of «v; and «s
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GUT Axion

« Original non-SUSY SU(5) model comprised of

[Georgi, Glashow 74]
« three copies of 10 and 5. representing chiral SM
matter fermions

« 24 and 55, representing Higgs bosons

fails phenomenologically:

* Neutrinos massless
* No gauge coupling unification

« Simple solution: add a 24p [Bajc, Senjanovic 07]

» Mixture of type-l and type-Ill seesaw from electroweak
fermion singlets and triplets, S = (1,1,0)r and
Tr = (1,3,0)

» Gauge coupling unification: electroweak fermion and

scalar triplets, Tr = (1,3,0) and Tw = (1,3,0), de-
lay meeting of «v; and «s

 Clean correlation between effective electroweak
et mass 3 and unification scale M

max /Gev )

3

log |, (m

4.0 T

mrp.=mr,

IR B T T

2'() [ U TR W T WS TN SUN S SU W S S T AN U R T—
15.5 15.6 15.7 15.8 159 16.0

logl()(MG/GeV )

[Di Luzio, Mihaila 13]

ms = (mb mp, )"

tripl
DESY. | (BenchmarB Axion Models | Andreas Ringwald, Lecture in Training Weegof GGI Workshop on "Axions across Boundaries ...", Florence, Italy, April 26 - 28, 2023
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GUT Axion

/

* Require that 245 complex and add 5 2000

* Impose PQ symmetry:
Bp — e /25,
10p — e~ *210p,
50 — €5, ém 500
5y — e "5,
24 — e 24y,
24p — e~ /224y 200
« Axion decay constant:
fome /250
11V 5 g5

« Gauge coupling unification, taking into account LHC

and Superkamiokande constraints:
mg € 4.8,6.6] neV

 — T LA

HL-LHC {|

3-loop

|
|
|
|
|
' HK -
| LHC 4 |
|
|
|

/

4 6
m, [neV]

— [Di Luzio, AR, Tamarit, arXiv:1807.09769]
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GUT Axion

: Sensitivity of future axion DM searches. An
/
RGC]UIFG that 24 Complex and add 32 axion in this mass range is extremely weakly coupled

to SM particles, since its couplings to e.g. photons

* Impose PQ symmetry: (7), electrons (e), protons (p), and neutrons (n) are
SF Ly ol /2 5F7 inversely proportional to the axion decay constant,
10F — e /210, Lad & (’}‘: a By P — % (’}‘;f Oua Wy
dm — ew.5H’ while the coefficients ', are of order unity. In(tlli)e
5’H — @‘2045}{7 WGG+24F model, we find:
24 — e 24y, Coy = 8 —1.92(4),  Cae = Zsin?3,

Cup = —0.47(3)

2Up — e /224 '
+ 1(—’1[0.288 cos? 3 — 0.146 sin” 8 + 0.02], (13)

« Axion decay constant: Cun = —0.02(3)
f 1 /6 Mg + 2[0.278 sin” B — 0.135 cos® 3 £ 0.02]
L — = —
11V 5 g5 where we introduced the ratio of the electroweak
« Gauge coupling unification, taking into account LHC VEVs, tan 8 = (55) / (5x+). This makes the GUT
and Superkamiokande constraints: axion clearly invisible for purely laboratory based
m. € [ 486 6] neV experiments.
a b *

«  Electromagnetic coupling coefficients as in DFSZ (B Luzio, AR, Tamarit, arXiv:1807.09769]
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GUT Axion

SU(5) GUT model

fa (GeV)

/

Require that 24;; complex and add 5%,

Impose PQ symmetry:
5p — e /25,
10p — e~ *210p,
50 — €5,
5y — e "5,
24 — e 24y,

24p — 6_ia/224p

|ga’y| (GeV_l)

Axion decay constant:

. I~ 1 /6 Mg
“T 11V 5 gs
« Gauge coupling unification, taking into account LHC m, (neV)
and SuperkamIOkande constraints: [Di Luzio, AR, Tamarit, arXiv:1807.09769]

Mg € [4.8,6.61 neV
Window can be explored by DMRadio-GUT
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The End

Questions?
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Variant KSVZ Axion Model

- We consider now N copies of the SM that are interchanged under a Z, symmetry which is non-linearly

realized by the axion field: [Hook, arXiv:1802.10093]

2k
Zyn i SMy — SMkz—l—l (mod N) 5 a— a-+ —fa

- The most general Lagrangian implementing this symmetry describes N mirror worlds whose couplings take
exactly the same values as in the SM, with the exception of the effective §-parameter: for each copy the
effective 6 value is shifted by 27r/N with respect to that in the neighbour £ sector,

a 21k ~
L= Z [cSMk ( ) Gka] -
fa
« Each QCD,, sector contributes to the axion potential, which in leading order chiral expansion reads

2 2 N-—-1
21k
VN(a):—Tlf; Z \/1—|—22—|—2zcos(; + j\T/,)
k=0 @
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Variant KSVZ Axion Model

Zy axion in mirror world extension of SM

For NV odd, strong CP problem solved: potential has N minima located at a = {+£27¢/N} f,, for
¢=0,1,..., (N —1)/2, including the origin, a =0

TN N N N Y
0.8 1

2
T

2
T

V(0a)/m

Oa
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[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]
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Variant KSVZ Axion Model

In the |argej\[ limit: [Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]

102
2 r2 0
m2 f 1—2z . a 10
Vi (a) =2 ——I=F N7YV2 N cos | N—
ﬁ 1 + z fa 1072
_ 104
* In particular:
m
2 £2 &5 1076
2 2Nm7rf7r l_z/\/’3/2./\/' 7P
My fo = 2
« Mass exponentially smaller by factor »V/2 ~ 2=N/2 as 1077
compared to the canonical axion mass 10-12
10~
10710

DESY. | (Benchmark) Axion Models | Andreas Ringwald, Lecture in Training Week of GGl Workshop on "Axions across Boundaries ...", Florence, Italy, April 26 - 28, 2023

o Numerical result

e £ 2£28
Hook's fit m2 f2 ~ %

—— Holomorphicity bound

(/2"

This work m2f? ~ —mj}:’% %Ng/z N
10 20 30 40 50 60 70 80 90 100
Number of worlds N/
[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]
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Variant KSVZ Axion Model

Zy axion in mirror world extension of SM

« Universal increase of axion couplings to SM by factor 2

Alm]

100 108 10t 10° 10" 10°° 107 10!

0" nEDM

R

2 ’ ,///////////2

1071 ¥
(@)
10—20

10—18 10—16 10—14 10—12 10—1(]
myg [eV]

& Superradiance

1072 107% 10°% 10¢ 107*

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.01082]
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1072

1079

10710

CAST

Neutron stars

o 108
10~ Astrophysics
yFr iay/ s
10-12 %l’
. 1010,_‘
N/2N2N/2' '_‘10713 %
L 10",
o ot ORGAN s
=
g MADMAX _1012 2
_g Plasma haloscope i
= {0e2) &
R
S|
- 1014
. 1015
vavd . 1016
20.%
2 1
- . 7
10—20 ?02’«’0' AT IR RRRWETTT RRRTTT REARTATTT NSRRI SAANTATT SAAETTT SANRRTTT SatREeT SRR 10
10712 107" 1071 107 107® 10=7 10°° 10> 10~* 10=° 1072 107!

v, [H7)
x(\ﬂ xQ/G W xQ/A @/3 @;L@/\ AD AT AT A A AT A AT A A @“\ W x@l

B S U C R R S R S ¢ S S G W\ . S S (R (S S G S}
x()ix()ixgix(}x@x@\\%x@X\QX\QX\QX\QX\QXXQ A0 40 10 \Qn\Q A0 A0
myg [eV]

mq [eV]

Old 10°
10°7 comagnetometers
106
10-8 SN1987A
1079
Neutron star cooling JISEEGS
10—10 é_)')
— 10" S
- 3
g 3 10 =
3 3 10 2
10712
; FProton Storage Ring / /Pature coagretomete 1011; 4
—13 2§
1074 OlS
E 102 2=
101 4 S
109 ] 107
10716 ] 107
10717 ] 10
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Variant KSVZ Axion Model

« Have to extend Quantum Electrodynamics (QED) to Quantum Electromagnetodynamics (QEMD):
L = ZE,{; (za — my — ekA(E) — gkA(M)> Yy, [Zwanziger “71]
k

+ %tr [(a AA®)Y (D A A<E>)} + %tr [(a A AMY (9 A A<M>)}

1
4n?

{n- [(aA A®)Y 1 (9 A A<M))d} }2 L {n [(aA AMDY (9 A A<E>)d} }2

4n?2

« Notation: a-b=a,b", (a Ab)" =a"b” —a"V", (a-G)” = a,G""
« U(1)r x U(1)m gauge theory involving arbitrary fixed four vector n* - field theoretic counterpart of a frozen Dirac string

« Variations of action with respect to matter and gauge fields gives classical equations:

(ia— my, — ex AP — Qk:A(M)) Y =0

o, F" = Zez@w'@m, F = % {n/\ [n-(0 A A(E))] — (nAn-(OA A(M))Dd}
i} Lo where i Ti
O™ =" githiy i, F=— {(n Aln-(@AAEND)E & n A n-(0 A A<M>)]}

9*(n- ABN2 = 92(n. AMHZ =g
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Variant KSVZ Axion Model

« Have to extend Quantum Electrodynamics (QED) to Quantum Electromagnetodynamics (QEMD):
L = Z% (’ia —my — ex AP — gkA(M)> (0P [Zwanziger "71]
k

+%uUaAA@nmaAA@U]+éuUaAAMnmaAANU}

1
4n?

{n-R@AA@U+(8AAWUﬂ}?—;L{n-“8AAWU—(8AAmUﬂ}2

4n?2

« Notation: a-b=a,b", (a Ab)" =a"b” —a"V", (a-G)” = a,G""
« U(1)r x U(1)m gauge theory involving arbitrary fixed four vector n* - field theoretic counterpart of a frozen Dirac string
« The two gauge fields are not independent:
[AELE) (tv f)? Az(/M) (t7 g):| - Z'elil/po n’ (na)_l(f - g) )

AP (,2), AP (19| = [AM (1,2), APV (& )] = —i (g0 + goumy) (n-0) " (F — )
« Only four independent phase space variables, corresponding to the two physical degrees of the photon

« Has been 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,
e:g; —€jgi = 4mn;;, mn;; €7 [Brandt, Neri, Zwanziger "78]
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Variant KSVZ Axion Model

 Integrate out p(x):
1 — _ .
Ksvz = 5(‘9“&8”@ + Qi D"Q — (mQQL Qpre'/v7 + 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
QL — €37 9y, Qpr — €~ 2% Qp
« However, fermionic measure in path integral is not invariant under axial transformations, cf.

DODO —=DODO eifd4xﬁp(a:) where  Lp = g_sgj\cfbf Gé+£§EMD [Anton Sokolov, AR, arXiv:2205.02605]
ﬂ- a

LQEMD % (%%tr{(a/\A(E)) (8/\A(E)>d} N Oé_f%tr{@/\A(M)> (a/\A(M))d}

pyoeau D { (a A A<E>) (a A A<M>)d})

47 N

» If Q in fundamental of SU(3)0r then N=1/2and E =3¢%, M =3g5, D = 3090
» All three terms respect shift symmetry
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Variant KSVZ Axion Model

« Axion Maxwell equations in terms of field strengths: [Anton Sokolov, AR, arXiv:2205.02605]

(0 1) 0 = (guun + o) B B+ g (2 — B2)

VxB, — Eq = gaze (BoxVa — aBg) + garn (BoxVa + aEo) ,
VxE, + By = —gaun (BoxVa + aEq) — gasn (EoxVa — aBy) |
VB, = —gavn Eo-Va + gaen Bo-Va,

V-E, = gaee Bo-Va — gaem Eo-Va

_am M _ Yoaay D a (FE
Javm — 27Tfa N > JaeMm = 27Tfa N > Jare = 27Tfa (N — 1-92>
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