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Today’s Plan

« Vacuum Structure in Quantum Chromodynamics
« Strong CP Puzzle

« The Axion (continued)

« Axion Dark Matter

« Axion Experiments
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The Axion

« Add to SM Nambu-Goldstone field, 0(x) = a(z)/f, € [—7, 7, respecting a non-linearly realizedU (1)pq sym-
metry (f(z) — 6(z) + const.), broken only by coupling to gluonic topological charge density: [Peccei,Quinn 77]

LS —0(x)q(x); qlz)= ;“—W Gb, () GO (z)

DESY. | Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022 Page 3



The Axion

« Add to SM Nambu-Goldstone field, 0(x) = a(z)/f, € [—7, 7, respecting a non-linearly realizedU (1)pq sym-
metry (f(z) — 6(z) + const.), broken only by coupling to gluonic topological charge density: [Peccei,Quinn 77]

LS —0(x)q(x); qlz)= ;“—W Gb, () GO (z)

« Can eliminate QCD @-parameter

g — ~b. Ly
LD - 0+ 0(x)] G2, G

by shift 6(x) — 6(x) — 6
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The Axion

« Add to SM Nambu-Goldstone field, 0(x) = a(z)/f, € [—7, 7, respecting a non-linearly realizedU (1)pq sym-
metry (f(z) — 6(z) + const.), broken only by coupling to gluonic topological charge density: [Peccei,Quinn 77]

LS —0(x)q(x); qlz)= ;“—W Gb, () GO (z)

« Can eliminate QCD @-parameter

g — ~b. Ly
LD - 0+ 0(x)] G2, G

by shift (x) — 0(z) — 0

» Effective potential at energies below Agcp has absolute minimum at ¢ = 0 and thus predicts vanishing vev, (§(z)) = 0
No strong CP violation in vacuum [Vafa,Witten 84]

o

V1+ 22 +2zcosf

V(0)=mzfz |1~

1+z
[Di Vecchia,Veneziano "80; Leutwyler,Smilga 92]
L L 9
“or —x |0 7 21 Z =My /mq = 1/2
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The Axion

« Add to SM Nambu-Goldstone field, 0(x) = a(z)/f, € [—7, 7, respecting a non-linearly realizedU (1)pq sym-
metry (0(z) — 6(x) 4 const.), broken only by coupling to gluonic topological charge density: [Peccei,Quinn 77]

LS —0(x)q(x); qlz)= ;“—W Gb, () GO (z)

« Can eliminate QCD @-parameter

g — ~b. Ly
LD - 0+ 0(x)] G2, G

by shift (x) — 0(z) — 0

» Effective potential at energies below Agcp has absolute minimum at ¢ = 0 and thus predicts vanishing vev, (§(z)) = 0
No strong CP violation in vacuum [Vafa,Witten 84]

« Particle excitation: “axion” [Weinberg 78; Wilczek 78]

» Itis a pseudo Nambu-Goldstone boson with mass parametrically suppressed by inverse PQ scale:

Vz my fr 10° GeV
S ~ 6 meV
S T e fa

2 =My /mg ~1/2
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The Axion

) QCNEDM — (87 Ca ~ 1 Ca —
LoD —— a VNG U NFH — Y@ F B — 22050 Wyt U
2 1 8T fa 2 fq
 Invisible axion®: [Kim 79;Shifman,Vainshtein,Zakharov 80:Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]

« Couplings to SM suppressed by inverse power of fo > v = 246 GeV

» Since mass inversely proportional to decay constant: couplings proportional to mass
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The Axion

« Axion has a model-independent coupling to the
EDM of the nucleon:

i 3Tr 1
£aN’y — _iga,ny a\IJNO-,uV/}%\IjNF'M
CNEDM
Gany = —“YGapy = € ;

CnepM = 2.4(1.0) x 107 % cm
[Pospelov,Ritz 00]

« This is phenomenologically important for experi-
ments searching for axion dark matter via osci-
llating nucleon electric dipole moments such as
nEDM and CASPEr-electric
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v, [Hz]
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[AR,Rosenberg,Rybka in: 2021 Update of Review of Particle Physics]

[adapted from https://github.com/cajohare/AxionLimits]
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The Axion

* From mixing with the pion, the axion inherits at
energy scales below the QCD scale, a model-
independent contribution to its coupling with two

photons:

1 mi RnI%
Lafyfy D) ch(m, )CLFM,/FM

(mi) _ @ ~(mi)
Jary 2m fo

» LO chiral perturbation theory:
: 24+ 2z
ngrvm) ~ —— ~~ —2 [Kaplan 85;Srednicki "85]

31+ 2

* Precise NLO determination

Cét;li) = —1.92(4) [Grilli di Cortona et al. *16]

« Phenomenologically important for experiments
searching for axions via coupling to photons
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Neutron stars Horizontal branch
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m, [eV]

[AR,Rosenberg,Rybka in: 2021 Update of Review of Particle Physics]

[adapted from https://github.com/cajohare/AxionLimits]
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The Axion

v, [Hz]
« From mixing with the pion, the axion inherits at 10710750078 R0 0T AE 48 4T AP 40 48 48 4T AP 48 10740040
energy scales below the QCD scale, a model- CAET , Tomienbatzmee) ) A
. . . . . . Vn/UHg
independent contribution to its coupling with the < repe < He comagnetometer
Old ¢,
nucleon et
g(mi)
Lonn D —= =22 9,a UnyHys P N SN1987A
2 my

Neutron star cooling

(mi) _ Can M

fa 10—13

10714 QQ%(‘)
* NLO chiral determination: [Grilli di Cortona et al. “16] 18_12 @@
Cm) = —0.47(3 10
( ) A0~ @ \0 @ @ @ xo @ @ xo Xo %0 X@ 070710710700 0 e
cm) — _0.02(3) mgy [eV]
* Phenomenologically important for experiments [AR,Rosenberg,Rybka in: 2021 Update of Review of Particle Physics]

SearChmg for axions via Coupllng to the nucleon [adapted from https://github.com/cajohare/AxionLimits]
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The Axion

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

[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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The Axion

[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/ZQL, 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.)

DESY. | Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022 Page 13



The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

2

2
(Y — . —
EKSVZ = |8M0|2 — )\U (|0|2 — —;) + Q’L’}/MD“Q — (yQQLQRU + h.C.)
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

2

2
(Y — . —
LKSVZ = |8M0|2 — )\J (|0|2 — —;) + Q’L’}/MD“Q — (’yQQLQRU + h.C.)

« Decomposing the scalar field in polar coordinates,

o(x :L v 7)) e'(@)/v
(%) \@(aer( )

we see that this model features three BSM particles

[Raffelt]
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

2

2
(Y — . —
EKSVZ = |8M0|2 — )\U (|0|2 — —;) + Q’L’}/MD“Q — (’yQQLQRU + h.C.)

« Decomposing the scalar field in polar coordinates,

o(x :L v 7)) e'(@)/v
(%) \@(aer( )

we see that this model features three BSM particles

1. Excitation of Goldstone field CL(CU): massless at tree level

[Raffelt]
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

2

2
(Y — . —
EKSVZ = |8M0|2 — )\U (|0|2 — —;) + Q’L’}/MD“Q — (yQQLQRU + h.C.)

« Decomposing the scalar field in polar coordinates,

o(x :L v 7)) e )/ Vo
(z) \@(aer( )

we see that this model features three BSM particles

1. Excitation of Goldstone field CL(CU): massless at tree level
2. Excitation of radial field ~(Z): m, = \/2\; Vo

[Raffelt]
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

2

2
(Y — . —
EKSVZ = |8M0|2 — )\U (|0|2 — —;) + Q’L’}/MD“Q — (yQQLQRU + h.C.)

« Decomposing the scalar field in polar coordinates,

o(x :L v 7)) e )/ Vo
(z) \@(aer( )

we see that this model features three BSM particles

1. Excitation of Goldstone field CL(CU): massless at tree level

2. Excitation of radial field ~(%): My, = \/2Xs s
3. New fermion: mo = y—Qva

V2

[Raffelt]
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

2 \2
v . _
£KSVZ — |alu0‘2 — )\o' (‘0_|2 ; f) + QZ'YMD'UQ — (yQQLQRU + hC)
« Decomposing the scalar field in polar coordinates,
1 .
o(r) = 7 (v + pla)) o)/

V2

we see that this model features three BSM particles

1. Excitation of Goldstone field G(CL’): massless at tree level

2. Excitation of radial field £(Z): m, = \/2Xo 0,
. Yo
3. New fermion: mo = —7,
°T 2

« 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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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):

] X ) ta/v
KSVZ = 5(’9“@8“@ + Qiy,D'Q — (mQQL Qpreld/ve + h.c.)
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):
] X ) ta/v
i{svz — 5({9“&8”& + QZWMDMQ — (mQQL Qre /o + 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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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):
] X ) ta/v
i{svz — 5({9“&8”& + QZWMDMQ — (mQQL Qre /o + 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 Qr Or — e 2vw Qp
« However, because the fermionic measure is not invariant under axial transformations, cf.
2 -
DODO — <6i 3375;2 [dta %(—?G(ZC)G(JJ)) DODO [Fujikawa 79]

DESY. | Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022 Page 22



The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

 Integrate out p(x):
] X ) ta/v
i(SVZ — _auaa,ua + QZ’)/MDMQ — (mQQL Qre /vo + hC)

* 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 —e2v 9y, Qr e 2% QR
» However, because the fermionic measure is not invariant under axial transformations, one gets in addition to

the standard mass term also an aGG term:

! rays Y 18 a a :
KSvz = 5(%@8“@ + Qi D"Q — (mgQrQr +h.c.) + iv—QW 159 + — 3g7r

GG
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

Integrate out p(x):
1 as a) 1a /v
—— iﬁﬂaﬁ”a + Qivy, D' Q — (mQQLQRe [V 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, Qr — € 2% Qp

» However, because the fermionic measure is not invariant under axial transformations, one gets in addition to
the standard mass term also an aGG term:

1 — — 10,a a g* -
kavz = §8ua8“a + Qiy, DFQ — (mQQLQR + h.c.) + ivLQv“%Q + v_3g7r2 GG

 Now we can also safely integrate out the heavy fermion:

1 a g° ~
W = —0,a0"a + ——=—=GG
KSVZ 2 pad-a + Vg 3972
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

Integrate out p(x):
] X ) ta/v
ksvz = 50ua0"a + Qiy,D"Q - (mQQL Qreia/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

Qr —ez2ve Qr, Qr — e 2w Qp

» However, because the fermionic measure is not invariant under axial transformations, one gets in addition to
the standard mass term also an aGG term:

, 1 S i — 1Oua a g*
KSV7 = 5(%@8 a—+ Qiy,D"Q — <mQQLQR —|—h.c.) + - — Oy + —

GG
2 U, Vg 3272

 Now we can also safely integrate out the heavy fermion:

1 a g° ~
1/
= —0,a0"a + —=-GG
KSVZ 2 paosa + Vg 3972
« The Goldstone field a(x)/v, acts like a dynamical theta parameter: it is an axion
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

Integrate out p(x):
] X ) ta/v
ksvz = 50ua0"a + Qiy,D"Q - (mQQL Qreia/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

Qr —ez2ve Qr, Qr — e 2w Qp

« However, because the fermionic measure is not invariant under axial transformations, one gets in addition to

the standard mass term also an aGG term:

, 1 S i — 1Oua a g*
KSV7 = 5(%@8 a—+ Qiy,D"Q — <mQQLQR —|—h.c.) + - — Oy + —

GG
2 U, Vg 3272

 Now we can also safely integrate out the heavy fermion:

1 a g° ~
1/
= —0,a0"a + —=-GG
KSVZ 2 paosa + Vg 3972
« The Goldstone field a(x)/v, acts like a dynamical theta parameter: it is an axion

« KS8SVZ axion has decay constant f, = v, and its couplings to SM are the model-ind. ones discussed earlier
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The Axion

« If the vector-like quark carries also a U(1)y
charge, then also model dep. photon coupling:

058 Ga Ga,uz/ C(md) a F/U/F/“/

L D (’9 Oy,
KSVZ aoya + 877@0 e
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The Axion

« If the vector-like quark carries also a U(1)y
Charge then also model dep. photon coupling:

(87 84 a ~
L D (9 ad,a + = Ga Gorv 4 —clmd) g v
KSVZ 87T v, 8 Y Vo %
2 —1 2
C’C(Lrvnd) =3 <§) , for U(1)y charge Y (%)
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The Axion

1078 o
« If the vector-like quark carries also a U(1)y
charge, then also model dep. photon coupling: 10 a
Qs o Gan (md) a » 1o-1oL CAST %
‘CKSVZ D) 3 a 0 a + 87‘(‘ v, G G C e F/U/F B EALPS-IﬁIi % §
- 107"E =
2 (8 —1 /42 | i)
md) > - 3
CC(L,Y ) = g <§) , for U( )Y Charge ? (?) .(E‘ . 12;_ _;
« Exploiting more general representations for i% 10 13;_ _
vector-like exotic fermion leads to a ,band” of : :
predictions of photon coupling at low energies: 107 E
1 N 15: .
Log D ZgafyaFw/F“V 10 . :
10 16—,' / ]
Q0 24+ 2 10% 1077 10°° 10> 10* 102 102 10" 1 10
_ (md) “ _
Jay — 270, <Ca'y 31+ Z) Z = My /My m, [eV]

[Di Luzio,Mescia,Nardi 18]
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The Axion

« If the vector-like quark carries also a U(1)y
charge, then also model dep. photon coupling:

Oés (87 (md) a =
Vo

Ga Ga ,ul/

St Vo 87r

2 (8 -1 (42
C’Cw =3 <3), for U(1)y charge 3 ( 3 )

« Exploiting more general representations for
vector-like exotic fermion leads to a ,band® of
predictions of photon coupling at low energies:

‘CKSVZ D), 3 a@ a +

1 ~
Leg D ZgafyaF’u,/Fﬂu

24+ z

o)
= ((md) _ =
Jay 2TV, ( “ 31+ 2

) Z = my/mq

« There is only a finite number which do not Iead

cmd) < 170/3

DESY *%IOHS as ngterl(%ﬁdlgkgI%dreasﬁlmgx%‘?%nlme School on Igrc%’uers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Bov Nl 1 k18

CAST
ALPS-II

1
~
.

~
.

1016 ‘./I
10% 107 10° 10° 10* 10° 10° 10" 1 10

m, [eV]

[Di Luzio,Mescia,Nardi 18]
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The Axion

* May expect enhanced photon coupling if exotic
quark carries a magnetic charge
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The Axion

* May expect enhanced photon coupling if exotic
quark carries a magnetic charge

« Qualitative reasoning:
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The Axion

* May expect enhanced photon coupling if exotic
quark carries a magnetic charge

« Qualitative reasoning:

« The Dirac quantisation condition implies a
minimum magnetic charge of an Abelian

monopole: Y= 677/6
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The Axion

* May expect enhanced photon coupling if exotic
quark carries a magnetic charge
« Qualitative reasoning:

« The Dirac quantisation condition implies a
minimum magnetic charge of an Abelian

monopole: Y= 677/6
« Expect an enhancement in the photon coupling
by afactor: XM _ om ~ 10°
o o2
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The Axion

* May expect enhanced photon coupling if exotic
quark carries a magnetic charge

« Qualitative reasoning:

« The Dirac quantisation condition implies a
minimum magnetic charge of an Abelian
monopole: Y= 677/6

« Expect an enhancement in the photon coupling
by a factor: QM 9T ~ 10°

o a2
« Detailed calculation in Quantum Electro-
Magneto-Dynamics (QEMD) using [Zwanziger 71]
formulation:

27 _ ) 3
« a F/“/F/“/_'_ CM_ iGzyGaul/

Log D —
it 87 202 v, 8T VU,

[Sokolov,AR 21]
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The Axion

o . Ja|GeV]

« May expec_:t enhanced photon coupling if exotic 10° 10 107 10" 10" 10™ 10° 10" 10" 10" 10° 10° 10
quark CarrleS a magnetlc Charge [TTTT |IIIIIII I |IIIIIII I |IIIIIII I |IIIIIII I |IIIIIII Vﬂ [ |IIIIIII I |IIIIIII I |IIIIIII I |IIIIIII I |IIIII§
10_10 SHAFT ) q/i/ =
« Qualitative reasoning: y \ ,ﬁvj, ALPS Il Bapyiaxo _~1 3
: - Lo 10° oy e
 The Dirac quantisation condition implies a v ___ i ) g5y = &
minimum magnetic charge of an Abelian 1007 = remidar | il EEINE 2 =
—  (galacticSN)t i SLie = L 4 < 3
monopole: am = 67‘(‘/6 10 e .l 2T = —
| = 0 3
« Expect an enhancement in the photon coupling = 10 E 3 A _ —
b f t . OéM 97-‘- é E / Astrophysical constraints: E
y a 1actor: — =~ 10° = 1075 ABRACADABRA o 25?;;77:((22;;(1@ =
S = broad (ph.1 7 =
o o = 1078 = road oD / @ NGC 1275, B, (Fermi) |
. . . E 5 amp. T 2 @ SSC (NUSTAR) 5
» Detailed calculation in Quantum Electro- - /__::::Ai_:qﬂ’i!;‘ﬁg@,?A oo (| honmodes,| | @ PRSZISSIAGESS)
; H i E— s St 1 i . strophysical hints: =
Magneto-Dynamics (QEMD) using [Zwanziger 71] = - Thiswork | | A ol s |

-18 e 1zontal branc

formulation: 10 = . — DFSZ T TeVtransparency | =
- - 10_19;FIIIIIHI| IHHIII| [Pl IIIIIIII| IIHIIII| IIIII|II| IIIIIIII| IIIIIIII| IIIIII|I| IIIHIII| IIIIIIII’ |IIIIIIT‘;

Log O — — 27 a P, B 4 22 Lga Ganw 102107710710 10° 107 10° 10° 10°* 107 102 107 1

81 20 v, 81 v, M mq[eV]
[Sokolov,AR 21] [Sokolov,AR 21]
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The Axion

DFSZ model [Zhitnitsky 80;Dine,Fischler,Srednicki 81]
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The Axion

[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 two Higgs doublet model of type Il
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The Axion

[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 two Higgs doublet model of type Il

« Assume that the fields transform under U(1)pq as
o— e,
Hd — eiXdaHd,
H, — e "XuYH,
dir — e " %p

U;p — e_ZX”O‘uiR

with X, + X4 =2
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The Axion

[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 two Higgs doublet model of type Il

« Assume that the fields transform under U(1)pq as

o— e,
Hd — eiXdaHd,
H, — e "XuYH,
dip — e "X %,p

U;p — e_ZX”O‘uiR

with X, + X4 =2
. Leaves Yukawa interactions of type Il 2HDM, Ly = Y;;Giz Hadjr + TG Huujr + h.c., invariant.
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

« Effective Lagrangian at energies below EW symmetry breaking scale, but above QCD scale:

1 Q a 8 a 10,a
Dpsy = =0,a0" ——S—GC GO — — —  F PRy C
DFSZ = 5Ond @ T o 1 87 31, 2 f Z R
.2 2
fagv_a; Ca,e:Cad:SHl B; Cau:M; tanﬂzv_u
6 3 3 Vg
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]

« Effective Lagrangian at energies below EW symmetry breaking scale, but above QCD scale:

1 s Q a 8 a 10,a
! :—8&‘—i—GWTW————FFW C
DFSZ = 5Ond @ T o 1 87 3/, 2 /. EE: R
v sin® 3 cos? 3 v
ag_UQ Ca,e— ad — ; Cau: 3 t = —
Ja =5 4773 3 anf =~

- Effective Lagrangian at energies below QCD scale:

1 1 a a 18 a
177 2 2 2 v
~ S - Qa F I/FM a
DFSZ 2 2(8ua) Qmaa’ C 78 Fa iz 2 Fa E :C fJ / Y5f

* Photon coupling:

qw=§+cW0:§—L%@)

ay
* Nucleon coupling:

Cap = —0.435sin? B 4 (—0.182 4+ 0.025); Ca, = 0.4145sin* B+ (—0.16 & 0.025)

[Grilli di Cortona et al. "16]
DESY. | Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022 Page 42



The 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 @ SUQ),® Ull)p \45 210

16 126 | SU(3)c ® SU(2), ® SU2)p @ U(1)p_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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109 10? 10!2 10%

[Ernst, AR, Tamarit, arXiv:1801.04906]

11[GeV]
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The Axion

« Gauge coupling unification needs at least one

intermediate scale; often discussed SSB chain:

SO(10) Mv=20H

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

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

features

* neutrino masses and mixing

» baryogenesis via leptogenesis

| SO(10) | 46212k | 40201k | 3c201rlB_1 | 3¢c2.1y || scale |
165 (4,2,1) | (4,2,0) (3,2,0, 3) (3,2,2) =Q | Mz
(1,2,0,—1) | (1,2, —7) =L | My
(4,1,2) | (4,1,3) | (3,1,3,—-3) (3,1,3):=d | My
(1, ,%,13 (1,1,1) :=e | My
41L—=3) [ BL-3-3) | BL-35)=ul My
(1,1,-1,1 (1,1,0) := N || Mg,

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

SSB vevs:
vy = <<m737 1)126> 3 <(107 173>126> ’
vaog = ((1,2,2).%) vi, = ((15,2,2),7a)

Fermion masses/mixing:
M, = Yigvl? + V10020 + Yigevi26
M, = Ymvd + Ylofu 10" 4y, U126 :
M, = Y10020 + Vigvl® — 3Yi560}%6
Mp = Yipvl® + Yipvl® — 3Yi260126,

Mp = Yi26VR,
ML == Y126UL .
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The Axion «  PQ symmetry imposed:
165 — 16pe'®,
10y — 10H€_2ia,

- Gauge coupling unification needs at least one 196, — 1262,
intermediate scale; often discussed SSB chain: 92105 — 2105 ¢lio
SO(10) M =2 SU (4) e x SU(2) 1, x SU(2)r

* Most general Yukawas:

MBL_126H
L= SU(3)e x SU(2)1 x U(1
(3) (2)L x ULy Ly =165 (Yi010g + Y1261265) 165 + h.c.

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

_ , _ « SSB vevs:
. ]cse(;fl];)e)sGUT with three copies of 16 automatically UlL — (10,3, 1)126) - 2 = (10,1, 3)126) |
v = ((1,2,2)20) . v =((15,2,2).79)
 neutrino masses and mixing * Fermion masses/mixing.
* baryogenesis via leptogenesis M, = Y1900 + Yia6 ,
« PQ extension adds Mg = Yiovg" + leavd :

M. = Yivy” — 3Y126047°
Mp = Yiov, — 3Y1260, ",
Mpgr = Yi26VR ,
My, = Yig6vy, .

« predictivity of fermion masses/mixing
 solution of strong CP problem
« DM candidate: axion

[Bajc et al. 06; Altarelli,Meloni 13; Babu,Khan 15]
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The Axion

« Axion decay constant:
1 My

A=
! 3 gu

* From gauge coupling unification, assuming minimal
scalar threshold corrections:

mag = ﬂ ~ 0.74neV
fa

DESY. | Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

(6%
of
30__ f””
L ’,,¢
L ”/’
20__ ’/’
106 10° 10'2 10"

[Ernst, AR, Tamarit, arXiv:1801.04906]

1[GeV]

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

: 9
« Axion decay constant: 10°GeV < vpy,
1 My 19F . :
fA = g— —_— E.o.. .'0. s ¢ ° E
gu ; I8F et o ¥ o . ]
o : ° ’.. o..:.o :
« From gauge coupling unification, assuming minimal % 17;’ Do ;
scalar threshold corrections: = 16f . X .
= - . “teie s Syl ]
— i . o ° m g ol oo o]
ma = % ~ (0.74neV 2 1o . A TR AL
— i .0.00. :o °
A 141 O
« Taking into account scalar threshold corrections 13E ! ! ' ! . —
and constraints from black hole superradiance and 8 10 12 14
proton decay: logyo[MpL|GeV]]
0.02neV < my < 2.2neV [Ernst, AR, Tamarit, arXiv:1801.049086]
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The Axion

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

« Axion decay constant: axion Compton frequency (Hz)
.y 102 106 10"
fa~ =Y SN1987A
3 gu

* From gauge coupling unification, assuming minimal
scalar threshold corrections:

my = ﬂ ~ (.74 neV
fa

« Taking into account scalar threshold corrections
and constraints from black hole superradiance and
proton decay:

axion QCD coupling g4 (GeV?)

1072 10 107
0.02neV < my < 2.2neV axion mass (eV)

. . [Ernst 18; CASPEr prospects from Kimball et al. 17]
 May be probed by axion DM experiments
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The Axion

- 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 0 value is shifted by 27 /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):—?";f; Z \/1—|—z2—|—2zcos(; + j\T/,)
k=0 @
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The Axion

Zy axion in mirror world extension of SM

«  For N 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

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]
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The Axion

e |nthe |argej\[ limit: [Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]

102
2 r2 0
m f ]_ 10
Vi (a) = ——Z=F NV N cos (NL
ﬁ 1 + z fa 1072
_ 1074
* In particular:
m
2 £2 &5 1076
2 £2 mﬂ'fw 1 — N3/2 N me "
My fo =
« Mass exponentially smaller by factor zV/2 ~ 2=N/2 as 1077
compared to the canonical axion mass 10-12
10714
10—16

DESY. | Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21

Numerical result

Hook's fit m2 f2 ~

9z~ 1T f 8z
(1+2)2

—— Holomorphicity bound

F(1/2)"

2 r2
This work m2 f? o ™slz | [1== \3/2 2V
T T T T T T T T T
10 20 30 40 50 60 70 80 90 100

Number of worlds A/

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]

- Mar 04, 2022
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The Axion

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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The Axion

« Evolution of stars (Main Sequence — Red-Giant (RG) — Helium Burning (HB) — White Dwarf (WD)) sensitive

to additional energy losses

)
=
=
=
—
<
o)
&
>
o
(7]
o)
=
=
=

planetary nebula double _shell—
burning

red giant
e L0 aimhe -
«* red
. helium- gant

burning
star

subgiant

white dwarf

10,000 6000

surface temperature (Kelvin)

[Copyright Addison Wesley]

inert carbon
‘% helium-burning shell
hydrogen-burning shell

double shell-
burning core

‘ helium burning

hydrogen-burning shell

helium-burning
star core

' inert helium

hydrogen-burning shell

subgiant/
red giant core
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The Axion

Particle emission
delays He ignition, i.e.
core mass increased

[sochrbnes for
14 Gy, [Fe/H] = -2

Red Giant

Particle erhission reduces
helium burning lifetime,
i.e. number of HB stars

1

Horizontal Branch 0 (IV_I) 2 3

[Raffelt 14]
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The Axion

Stellar energy loss constraints

« Axions may be produced in stellar plasma by
Primakoff process

Giannotti "16]

[adapted from Irastorza "16]
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The Axion

Stellar energy loss constraints

« Axions may be produced in stellar plasma by
Primakoff process or bremsstrahlung

Giannotti "16]

[adapted from Irastorza "16]
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The Axion

Stellar energy loss constraints

« Axions may be produced in stellar plasma by
Primakoff process or bremsstrahlung

* Number of HB stars vs. number of RGs in color-mag-
nitude diagram of globular clusters agrees with SM:

gayy| = o f -~ 1Cay] < 6.6 x 10~ M Gev! [Ayala et al. 14]

SHAFT
DSNALP
Fermi-SNe M k421
Ferml

3
Hydra %\\z&‘

il | | {7 A=

CROWS ALPS-I

OSQAR

CAS1

Neutron stars Horizontal branch

oery

uo
uone guoI

V?

VA A O 9 % 1 _6b _5 A _ _ _ Q A 5 Q) Vi
10720707 1077407407 407077407 040 40 A0 A0 AT 487 AT 4@ A4S 1O

m, [eV]

[AR,Rosenberg,Rybka in: 2021 Update of Review of Particle Physics]

[adapted from https://github.com/cajohare/AxionLimits]
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The Axion

Stellar energy loss constraints

« Axions may be produced in stellar plasma by 10710
Primakoff process or bremsstrahlung

Solar v

- Number of HB stars vs. number of RGs in color-mag- ~ * J801% (Solar axions)
nitude diagram of globular clusters agrees with SM:
(87 _ —
gayy| = MWA% <6.6x107" GeV™h avaiaetal 14] — 10742
WV
- Brightness of tip of RG branch in color-magnitude % Ked giants (wCen)
diagram of globular clusters agrees with SM: 10

|Gaee| = %|Cde| < 1.4 x 10~ 13 [Capozzi,Raffelt 20;Straniero et al. 20]
a

White dwarf luminosity function agrees with SM: 1071 5
|GAce| = %|0Ae‘ < 2.7x10713 [Isern et al. 08-12] -
) i

10_15 B LA DLLULLLLY SLALALLLL AL LSLILILLLLY LLALLLLLY LALRLALLLLY SOULAULALLY BN |
1072 1078 1077 107® 107° 10~* 1073 1072 10°! 10° 10' 10> 10® 10* 10°
m, [eV]

[AR,Rosenberg,Rybka in: 2021 Update of Review of Particle Physics]

[adapted from https://github.com/cajohare/AxionLimits]
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The Axion

« Axions may be produced in stellar plasma by
Primakoff process or bremsstrahlung

* Number of HB stars vs. number of RGs in color-mag-
nitude diagram of globular clusters agrees with SM:

gayy| = o f -~ 1Cay] < 6.6 x 10~ M Gev! [Ayala et al. 14]

» Brightness of tip of RG branch in color-magnitude
diagram of globular clusters agrees with SM:

|gaee| = %|Cae| < 1.4 x 10~ '3 [Capozzi,Raffelt 20;Straniero et al. 20]
a

«  White dwarf luminosity function agrees with SM:

m
|GAce| = f—Ae|CAe‘ < 2.7x10713 [Isern et al. 08-12]

* Duration of neutrino burst of SN1987A and temperatu-
re evolution of neutron stars agees with SM: upper
bounds on nucleon couplings

[Raffelt 08; Fischer et al. 16; Giannotti et al. 17; Chang et al. 18; Carenza et al. 19]

[Keller,Sedrakian 13; Sedrakian 16; Hamaguchi et al. 18; Beznogov et al. 18]
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gann‘

v, [Hz]
7T 6 % A 3> 2 A
10710 A0 A0 A0 A0 407 AT A0 AT A 4D AT A0 AT A 4D 40040 40
CASPEr- . S
— 4 Torsion balance -
Vn/ VHg %{9
CY’

K-He comagnetometer
NASDUCK

Id ¢,
OMagnes, Meters

SN1987A

Neutron star cooling

10 11
10—12
10713
10—14
10715
10—16
10~ 17

2 20 A9 AB SNV 1
10740740 407 A0 AQO” xO @ xQ xQ @ A0 4Q” XQ XQ XQ XQ XQ XQ XQ XQ

m, [eV]

[AR,Rosenberg,Rybka in: 2021 Update of Review of Particle Physics]

[adapted from https://github.com/cajohare/AxionLimits]
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The Axion

« There are hints from astrophysics which may ex-
plained by axions:

» Excessive energy losses of stars in various stages of

their evolution

)
=
=
=
<
o)
&
2
‘@
o
=
=
=

30,000

planetary nebula double shell— inert carbon
burning ‘ . .
red giant helium-burning shell
hydrogen-burning shell

(e — double shell-

burning

red burning core
helium- giant
star & ‘[ helium burning
-

hydrogen-burning shell

helium-burning
star core

‘ inert helium
hydrogen-burning shell
subgiant/

| red giant core
10,000 6000 3000

surface temperature (Kelvin)

[Copyright Addison Wesley]

HB
RG
WDLF (Mo ~9)
PG 1351
G117-B15A
R 548
L19-2 (113)
L19-2 (192)
NS

1

—1

[ 1) P

I
1
AL/Lg

[Giannotti, Irastorza, Redondo, AR 15]
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The Axion

« There are hints from astrophysics which may ex- S ‘W‘D‘ F‘{G‘B‘ IL|B -
+ + N
plained by axions:
» Excessive energy losses of stars in various stages of

their evolution: may be explained by axion production |

a.” >

e 3}

e g
704} -

gCL’Y I Y 7 b 1
(8]
>
Y
zZe Ze 0.2 -
) 7 ®
L g// 0_0\\\\\‘\\‘\\‘\‘\\‘\\‘\.\H.‘\‘t.‘\\
LD —igae a1 Y50e e g/\»e 0.0 0.5 1.0 1.5 2.0 2.5 3.0
ae
’y§ Gae [10_13]
zZe zZe

[Giannotti et al. 17]
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The Axion

« There are hints from astrophysics which may ex-
plained by axions:

» Excessive energy losses of stars in various stages of .
their evolution N
» Excessive transparency of the universe for TeV gamma  -:

rays

10g;4(N/(cm® s TeV))
Lo

measured

—

Energy

Credit: Mazin & Raue
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s 1 2
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[Horns,Meyer 12]
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The Axion

IGMF ICM
B ?GMF AfGME "gl, IGM B ?CMF Afemr Tcluster "81, ICM Tcore
Name (nG) (Mpc) (X1077 cm™3) (»G) (kpc) (Mpc) (X1073 cm™3) (kpc) n
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plained by axions:

» Excessive energy losses of stars in various stages of ~10
their evolution
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