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ALP

« Axion-Like Particles (ALPs), a, are pseudoscalar pseudo-Nambu-Goldstone bosons arising from approximate
Abelian global symmetries beyond the SM which are broken spontaneously at a scale f, much greater than
the electroweak scale v
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ALP

« Axion-Like Particles (ALPs), a, are pseudoscalar pseudo-Nambu-Goldstone bosons arising from approximate

Abelian global symmetries beyond the SM which are broken spontaneously at a scale f, much greater than
the electroweak scale v

+ At the latter, their most general interactions with the SM fermions 1 and the SM SU (3)., SU(2), and U(1)y

gauge field strengths GZV, W:‘V and B, , respectively, and their duals (denoted by a tilde) are summarised
by the following low-energy effective Lagrangian
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Abelian global symmetries beyond the SM which are broken spontaneously at a scale f, much greater than
the electroweak scale v

+ At the latter, their most general interactions with the SM fermions 1 and the SM SU (3)., SU(2), and U(1)y

gauge field strengths GZV, W:‘V and B, , respectively, and their duals (denoted by a tilde) are summarised
by the following low-energy effective Lagrangian
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- Here, a, = ¢2/(47), as = ¢*/(47) and ay = g’ */(47) are the respective SM gauge coupling parameters
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ALP

« Axion-Like Particles (ALPs), a, are pseudoscalar pseudo-Nambu-Goldstone bosons arising from approximate

Abelian global symmetries beyond the SM which are broken spontaneously at a scale f, much greater than
the electroweak scale v

+ At the latter, their most general interactions with the SM fermions 1 and the SM SU (3)., SU(2), and U(1)y

gauge field strengths GZV, W:‘V and B, , respectively, and their duals (denoted by a tilde) are summarised
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- Here, a, = ¢2/(47), as = ¢*/(47) and oy = ¢'?/(47) are the respective SM gauge coupling parameters, and
denotes the left-handed fermion multiplets in the SM
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« Axion-Like Particles (ALPs), a, are pseudoscalar pseudo-Nambu-Goldstone bosons arising from approximate

Abelian global symmetries beyond the SM which are broken spontaneously at a scale f, much greater than
the electroweak scale v

+ At the latter, their most general interactions with the SM fermions 1 and the SM SU (3)., SU(2), and U(1)y

gauge field strengths GZV, W:‘V and B, , respectively, and their duals (denoted by a tilde) are summarised
by the following low-energy effective Lagrangian
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- Here, a, = ¢2/(47), as = ¢*/(47) and oy = ¢'?/(47) are the respective SM gauge coupling parameters, and
denotes the left-handed fermion multiplets in the SM. CFr is a Hermitian matrix in generation space with dimensionless
entries which, together with the dimensionless coefficients C.ca, Coww and C.ss depend on the specific UV comple-
tion featuring the Abelian global symmetry.
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ALP
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« This low-energy Lagrangian realises the approximate Abelian global symmetry non-linearly through an appro-
ximate symmetry under constant shifts, a — a + k f,

» The latter arises from field-theoretic UV completions in which SM extended by complex scalar field realising a spontane-
ously broken global Abelian symmetry
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« This low-energy Lagrangian realises the approximate Abelian global symmetry non-linearly through an appro-
ximate symmetry under constant shifts, a — a + k f,

» The latter arises from field-theoretic UV completions in which SM extended by complex scalar field realising a spontane-
ously broken global Abelian symmetry
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- Derivative couplings to fermions arise , if 1)z carry charges under Abelian symmetry

o(r) =
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ALP
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« This low-energy Lagrangian realises the approximate Abelian global symmetry non-linearly through an appro-
ximate symmetry under constant shifts, a — a + k f,

» The latter arises from field-theoretic UV completions in which SM extended by complex scalar field realising a spontane-
ously broken global Abelian symmetry
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- Derivative couplings to fermions arise , if 1) carry charges under Abelian symmetry Q
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« Couplings to gauge fields arise from fermionic triangle loop diagrams

DESY. | Theory of Axions and ALPs: where to find them | FH Particle Physics Discussion: Axions at LHC and ALPS Il, DESY, Hamburg, June 5, 2023 Page 9



ALP
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« This low-energy Lagrangian realises the approximate Abelian global symmetry non-linearly through an appro-
ximate symmetry under constant shifts, a — a + k f,
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« This low-energy Lagrangian realises the approximate Abelian global symmetry non-linearly through an appro-
ximate symmetry under constant shifts, a — a + x f, , broken only by

« the bare mass term ~ m? ,a?, which parametrises the effect of a possible explicit breaking of the global symmetry
a,0
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ALP
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« This low-energy Lagrangian realises the approximate Abelian global symmetry non-linearly through an appro-
ximate symmetry under constant shifts, a — a + x f, , broken only by

« the bare mass term ~ m? ,a?, which parametrises the effect of a possible explicit breaking of the global symmetry
a,0

« the coupling to the topological charge density, % G, GHv-e, of the SU (3). gauge fields

-
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ALP

« This low-energy Lagrangian realises the approximate Abelian global symmetry non-linearly through an appro-
ximate symmetry under constant shifts, a — a + x f, , broken only by

* the bare mass term « mfb’oa? , Which parametrises the effect of a possible explicit breaking of the global symmetry
« the coupling to the topological charge density, % G, GHv-e, of the SU (3). gauge fields

-
» For the coupling of a to the

* SU(2)r gauge fields the additional term arising from a constant shift « — a 4+ «f, can be removed by field
redefinitions
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« This low-energy Lagrangian realises the approximate Abelian global symmetry non-linearly through an appro-
ximate symmetry under constant shifts, a — a + x f, , broken only by
* the bare mass term « mfb’oa? , Which parametrises the effect of a possible explicit breaking of the global symmetry
« the coupling to the topological charge density, % G, GHv-e, of the SU (3). gauge fields
i

» For the coupling of a to the

* SU(2)r gauge fields the additional term arising from a constant shift « — a 4+ «f, can be removed by field
redefinitions

* U(1)y gauge field, the additional term is unobservable in the SM

[ ]
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ALP
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« This low-energy Lagrangian realises the approximate Abelian global symmetry non-linearly through an appro-
ximate symmetry under constant shifts, a — a + x f, , broken only by

* the bare mass term « mfb’oa? , Which parametrises the effect of a possible explicit breaking of the global symmetry
« the coupling to the topological charge density, % G, GHv-e, of the SU (3). gauge fields

-
» For the coupling of a to the

* SU(2)r gauge fields the additional term arising from a constant shift « — a 4+ «f, can be removed by field
redefinitions

* U(1)y gauge field, the additional term is unobservable in the SM

- Since interactions with SM inversely proportional to fa : ALPs with o > v are feebly-interacting pseudoscalar

particles
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AXI O n [Peccei,Quinn "77; Weinberg "78; Wilczek "78]

« The axion, arising from the Peccei-Quinn (PQ) solution of the strong CP problem, is defined via C,gg # 0
and Me,0 = 0;
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AXI O n [Peccei,Quinn "77; Weinberg "78; Wilczek "78]

« The axion, arising from the Peccei-Quinn (PQ) solution of the strong CP problem, is defined via C,gg # 0
and Me,0 = 0;
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 In fact, in this case, one can eliminate the CP-violating QCD g-term, 9 Gs wa GHva, by the shift a = a — 0f./Caca

81
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AXI o n [Peccei,Quinn "77; Weinberg "78; Wilczek "78]

« The axion, arising from the Peccei-Quinn (PQ) solution of the strong CP problem, is defined via C,gg # 0
and Me,0 = 0;
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 In fact, in this case, one can eliminate the CP-violating QCD g-term, 9 &s G, GHva, by the shift a = a — 0f,/Cuca

81
» Non-perturbative topological fluctuations of the gluon fields in QCD induce a potential for the shifted field whose minimum

is at zero field value, thereby ensuring CP conservation of strong interactions
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AXI o n [Peccei,Quinn "77; Weinberg "78; Wilczek "78]

« The axion, arising from the Peccei-Quinn (PQ) solution of the strong CP problem, is defined via C,gg # 0
and Me,0 = 0;

1 o*a _
Lot = 5 (Opa)(9"a) + > UruCrir
fa 4
s a ~ o a A Grup A a1 a ~
+ C — — G¢ Gt + C — — W2 WHY C — — B,,, B"*
aGG g 7. S + Caww 8 fo | + CuBB & f, "
 In fact, in this case, one can eliminate the CP-violating QCD g-term, 9 &s G, GHva, by the shift a = a — 0f,/Cuca

81
» Non-perturbative topological fluctuations of the gluon fields in QCD induce a potential for the shifted field whose minimum

is at zero field value, thereby ensuring CP conservation of strong interactions

» The second derivative of the dynamically induced potential gives the axion mass. It is inversely proportional to the scale
Ja and proportional to the square root of the topological susceptibility x of QCD, which can be determined either using
chiral effective field theory or lattice QCD, resulting in the prediction

VX ( 10° GeV )
m, = Cl ~57 | —— | meV
““y, fa/Cacc
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AXion

Axion “bands”

1 1 2 oM _
Leg = 5 (8Na)(8“a) — — <CaGGﬂ) a’ + c4a Z @DF’}/MCF??DF + [Ca'y’y —1.92

2 fa fCL Ia
Correspondingly, axion couplings to SM grow TH 131
proportional to axion mass, while their magnitu- > -3
de depend on the specific model-dependent 8 18:;‘
coefficients of the relevant operators in the — 106 2
effective Lagrangian. o 18:; 5
This gives rise to the so called axion bands in 1(1‘13
plots of coupling constant versus mass, e.g. for 18_11 : I
the coupling to electromagnetism }gii " —
Log O % aF,,F" =g, oF B o 7
0y = g (oo = 19204 i oTE
« KSVZ model: Cury =0, Caca = 1 o ‘
[Kim 79;Shifman,Vainshtein,Zakharov 80] 1020 b

10724 10721 10718 10715 10712 10°°

 DFSZ model: Cyy =16,Cucg =6
[Zhitnitsky 80;Dine,Fischler,Srednicki 81]
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[FIPs 2022 Workshop Report 2305.01715]
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AXion

Axion “bands”

Recently, there have been proposals to enlar-
ge the axion bands by considering less mini-
mal UV completions which result in larger va- =y
lues of the coefficients of specific axion-SM
interactions, e.qg. its electromagnetic interac-
tions &= 107°
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[FIPs 2022 Workshop Report 2305.01715] my [eV]
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Axion “bands”

Recently, there have been proposals to enlar- 106 >
ge the axion bands by considering less mini- 107 CRONSALpS-T (
mal UV completions which result in larger va- 107 =l
lues of the coefficients of specific axion-SM 107
interactions, e.qg. its electromagnetic interac- ‘_T 13“: HB::r:t::t
tions % o
Particular enhancement in electromagnetic Q_D, 10-13
coupling if fermion in triangle loop carries ma- _g 1014
gnetic charge, i.e. it is a magnetic monopole 80 10
[Sokolov,AR 21, 22, 23] 10716,

Q - 10—17

a---- Q 10-18
Q 10—195 : :
1073071040740 4071070774070 10 H0 7 A8 A0 AT AT AT AT 48 AT
X _ ﬁ Courinr = 695 m, [eV] [AR Morion EW 2023]

oMM = 77— LaMM, Ay = )
27 fq 47
9arisr/Gary = (am/@)(Carins /Cary) = (9/4) @™ (90 /q0)* ~ 10°
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AXion

Axion “bands”

The axion bands can be alternatively changed
enlarging the confining sector beyond QCD.
New contributions of topologically non-trivial
gauge field fluctuations give then additional
contributions to the axion mass

DESY. | Theory of Axions and ALPs: where to find them | FH Particle Physics Discussion: Axions at LHC and ALPS Il, DESY, Hamburg, June 5, 2023
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AXion

Axion “bands”

The axion bands can be alternatively changed
enlarging the confining sector beyond QCD.
New contributions of topologically non-trivial
gauge field fluctuations give then additional
contributions to the axion mass

Examples of horizontal enlargement of the
parameter space towards the

 right of the canonical axion band are heavy
axion models that solve the strong CP
problem at low scales (e.g. f, ~ TeV)

[Rubakov, 97; Berezhiani et al. 01; Fukuda et al, 01;...]
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[FIPs 2022 Workshop Report 2305.01715]
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AXion

The axion bands can be alternatively changed
enlarging the confining sector beyond QCD.
New contributions of topologically non-trivial
gauge field fluctuations give then additional
contributions to the axion mass

Examples of horizontal enlargement of the
parameter space towards the

 right of the canonical axion band are heavy
axion models that solve the strong CP
problem at low scales (e.g. f, ~ TeV)

[Rubakov, 97; Berezhiani et al. 01; Fukuda et al, 01;...]

» |eft of the canonical axion band is the Zy
axion model exploiting N hidden copies of the
SM linked by the axion, realising a Zy sym-
metry

[Hook 18; Di Luzio, Gavela, Quilez, AR 21]
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Dark Matter

Sub-eV mass axions are excellent dark matter (DM) candidates:

fa [GeV]
106 10" 10" 10"3 10'? 10" 100 10° 108
T T [T T 1 ‘||||||| T |||||||| | |||||||| | |||||||| T [MITT T T [TT T T [T T T [

Misalignment mechanism [pre-inflationary]

tuned tuned

dominant / subdominant subdominant

;i =0 0, >
Strings and domain walls (Npw = 1) [post-inflationary]
overclosure CETE subdominant
(uncertainty?)
Long-lived domain walls (Npw > 1, e.g. DFSZ models) [post-inflationary]
[Kawasaki, KS and Sekiguchi, 1412.0789; Ringwald and KS, 1512.06436]
overclosure dominant / subdominant

Kinetic misalignment mechanism [pre-inflationary]
[Co and Harigaya, 1910.02080; Co, Hall and Harigaya, 1910.14152]

reduced to conventional misalignment mechanism dominant / subdominant

| RN AT AT . |||||||\ | |||||||| RN A |||1|||| | |||1||||
1071° 107° 1078 1077 1076 107° 1074 1073 1072 107"
my [eV]

[Saikawal]
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Dark Matter

Mass range

Heavy axions or ALPs with too large two-
photon coupling, however, cannot be the
dark matter, since their lifetime,

64
Ta—yy — 92 m3
avy''va
10710 GeV1\? [k
:1.3><1016s( 07 Gev ) (e_V
Jary Mg

tends to be smaller than the age of the
universe
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