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The Hadronic QCD Axion
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The KSVZ MOdel [Kim '79; Shifman,Vainstein,Zakharov '80]

Standard Model of Elementary Particles

three generations of matter
(fermions)

=128 Gevier ~13.1Gevic:
% %
w (€
up charm top
=47 Neviet =6 vt =418 Gevier
- % -
. d - @ |- @
down strange bottom
~0511MeVier | (=106 MeVier | (=176 Gevie:
1 -1 -1
4 & w H w T
electron muon tau
<Loevier 0.7 Mevier <182Mevict
o o o
. Ve w Vi L. (G
electron muon tau
neutrino neutrino neutrino

interactions / force carriers
(bosons)

o =124.97 Gevie

o o

- @ |
gluon higgs

o

o

[Wikimedia Commons]

— Uncharged under U(1)pq

PQ field

® ~ (1,1,0)
b= (Va+pa)eia/va

V2

.

Heavy fermion

Q:QL+QRN(37170)

— LD —(y,Q1QrP)
— Mg =Y, Va/\@

.




The Hadronic QCD Axion
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Axion Mass and Interactions
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The Phenomenological Window
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SeleCtlon Crlterla [Di Luzio,Mescia,Nardi '17]

@ A window for preferred models — selection criteria for Q:

Dark Matter Constraints
Constrain f, <5 x 101* GeV = constraint on mg = Yo foNow / /2

Q to decay to SM with 7o < 102
— Restrict d (O) <5 for post-inflationary U(1)pq breaking scenario

Landau Poles
Avoid LPs below 108 GeV, i.e. only representations with A p > 10*® GeV allowed

e 15 O representations fulfil the criteria (mg = 5 x 10! GeV)



The Phenomenological Window
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The Ng =1 Window
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What about models with Ng > 17
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[Ciaran O'Hare: https://github.com/cajohare/AxionLimits]


https://github.com/cajohare/AxionLimits

Multiple Heavy Fermions
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Adding More Fermions

For given mg and LP threshold, possible to find maximum Ng allowed:

Fermion Representation
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Multiple Heavy Fermions
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Selection Criteria

Dark Matter Constraints
Constrain f, <5 x 101* GeV = constraint on mg = Yo foNow /2

Q to decay to SM with g < 10~2g
— Restrict d (O) <5 for post-inflationary U(1)pq breaking scenario

Landau Poles
Avoid LPs below 108 GeV, i.e. only representations with A p > 1018 GeV allowed

The model should provide a solution to the Strong CP problem.




Multiple Heavy Fermions
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Anomaly Ratio Distributions
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Multiple Heavy Fermions
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Hadronic Axion Bands
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Axions from strings

All preferred KSVZ models
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Multiple Heavy Fermions
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N,, = 1 Models

Preferred KSVZ models with Npy =1
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Multiple Heavy Fermions
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Different mg, Correction for f,
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Multiple Heavy Fermions
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Axion-electron Coupling
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Red Giants [Raffelt & Weiss '94]
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What Next?

@ Non-universal coupling of Q to ®, i.e. distinguishable Qs with different mg
@ Non-universal PQ field — multi-axion models, essentially different mg for each Q

@ Enhanced coupling, e.g. via clockwork mechanism [Farina,Pappadopulo, Rompineve, Tesi '17]

A catalogue of DFSZ extensions with generation-dependent U(1)pq charges and
nine Higgs doublets



Summary

e Hadronic axion models = SM + PQ scalar + heavy chiral fermion(s)
@ Extend the hadronic model by allowing multiple Q in different representations

@ Selection criteria to restrict the models to a preferred window
= No < 28 (mg =5 x 10 GeV, Ap > 108 GeV) — finite number of models

820 different £ /N values

@ Statistical interpretation of the distributions allows to determine density of models
in parameter space; central 95% region of |E/N — 1.92(4)| — [0.06,17.30]

@ Models with Npy = 1 — trivially solve the DW problem; none photophobic

vaisakh.plakkot@stud.uni-goettingen.de
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Weighting the Models
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Additive Subset
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N, = 1 Anomaly Ratio Distribution
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Effect of Varying mg

mg (GeV) max(Ng) +#models ETF\_Y E/N med(E/N) photophobic  95% CR

107 15 20,026 —94/3 1.51 1.58 1.15% [0.06, 14.76]
5-107 16 16,334 -94/3  1.50 1.56 1.30% [0.06, 13.29]
108 17 65001 —04/3 1.45 1.50 1.25% [0.06, 14.75)

5- 108 18 124523 —100/3 152 1.67 1.52% [0.06, 14.76]
107 19 177,836 —112/3  1.44 1.54 1.33% [0.06, 15.27]
5-10° 21 330,867 —118/3 1.42 1.41 1.36% [0.06, 15.25)
1010 22 404,428  —130/3 145 1.56 1.37% [0.06,16.73]
5-10% 24 1,140,142 —136/3 1.38 1.50 1.44% [0.06,14.68]
101 25 1,950,978 —142/3 1.42 1.52 1.40% [0.06,17.24]
5101 28 5,753,017 —166/3 1.44 1.52 1.42% [0.06, 17.30]
102 29 9,214,404 —178/3  1.40 1.47 1.42% [0.06,18.74]
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Effect of Varying the LP Threshold

mg = 107 GeV
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Effect of Varying the LP Threshold
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Q Lifetime
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Landau Poles
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The A”OWGC' QS [Di Luzio,Mescia,Nardi '17]

[ Ro | 0o, | Aj3[GeV] |E/N[Now]
Ri:(3,1,-1) Qrdr  [9.3-10%(g1)| 2/3 | 1
R2:(3,1,+3) Qur |5.4-10%(gy)| 8/3 | 1
Rs:(3,2,+1) Qrqr  [65-10%(g1)| 5/3 | 2
Ry:(3,2,-2) | QudrH' |4.3-10%(g1)| 17/3| 2
Rs:(3,2,+1) | QurH |5.6-10%(g1)| 29/3| 2
Re:(3,3,—3) | QprarH' [5.1-10%(g2)| 14/3 | 3
R7:(3,3,+2) | QparH 6.6-10%(g2)| 20/3 | 3
Rs:(3,3,—3) | QpdrH™ [3.5.10"(g1)| 44/3 | 3
Ro:(6,1,—1) |Qpodr-G|2.3-10%(g1)| 4/15| 5
Ri0:(6,1,+2) |Qrour-G|5.1-10"(g1)|16/15| 5
Ri1:(6,2,+2) |Qrogr - G |7.3-10%(g1)| 2/3 | 10
Ri2:(8,1,-1) |Q oer-G|7.6-10%%(g1)| 8/3 | 6
Ri3:(8,2,—1) |Qpotr - G|6.7-10%(g1)| 4/3 | 12
Ris:(15,1,—3)|Qpodr - G |8.3- 10" (g3)| 1/6 | 20
Ris:(15,1,+2)[Qrour - G|7.6- 10" (g3)| 2/3 | 20
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