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The Flavour Puzzle

CKM PMNS
. e . . ° . . - First Generation | Second Generation | Third Generation
Up-type quarks O(107?) O(107%) 1
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' . O . . @ . . Neutrinos 0 — O(10-11) O(10-11) O(10-11)

V=VUVUSV F*V

. . . . Mohapatra and Senjanovic. PRD 23 (1981) 165
* Flavour symmetries help with hierarchies Lazarides, Shafi and Wetterich, NPB 181 (1981) 287-300

Schechter and Valle, PRD 25 (1982) 774
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SM flavour sensitive to new loop contributions and BSM FCNCs

Glashow, Iliopoulos, Maiani, PRD 2 (1970) 1285-1292 n
= S
b M

BY Z
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Wlthout Observed deviations ANP 2 0 (104 TeV) Isidori et al., 1002.0900, Ellis et al., 1910.11775

Minimal Flavour Violation, all flavour and CP violation 1s the same as in the SM
Liin = G = UB)gy X UB)ug X UB)ag x UB), x UB)e,
Yy = Vu~(3,3,1,1,1), Yy—V;~(3,1,3,1,1), Y.~ V. ~(1,1,1,3,3)

My Mg mg Mg

(Vo) = ctVéKMdiag (— — 1) , (Vi) = pdiag (— —, 1) . (V) = crdiag (% %, 1)

mey MMy my My

Yukawas suppress all NR operators, lowering the NP scale to a few TeVs
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The Strong CP Problem

Purely gauge terms proportional to total derivatives can be added to the SM Lagrangian

X apuv ya

QQODS_T['G GHV
OX yaw ga — g, K0 Kt = SXemad (o xa 4 Lr, xaxtxs
g pr — Y ) _471'8 vYa 5‘|‘§fabc vrar

The GG term is related to quark masses through the chiral anomaly

_______ v = Oocp + Arg (Det (M, My))

The observable parameter, 8 is bound by its relation to the neutron EDM, d,,

Crewther, D1 Vecchia, Veneziano & Witten, 1980 Baker et al., 0602020 Afach et al., 1509.04411

d, ~0x10"%e.-cm, 6<0(10719

Why is a dimensionless parameter so small?



The Strong CP Problem — The Axion Mechanism



The Strong CP Problem — The Axion Mechanism

Peccei and Quinn, PRL 38 (1977) 1440-1443 and PRD 16 (1977) 1791-1797

* 0 becomes dynamical by introducing an axial global symmetry U(1) pg, broken spontaneously



The Strong CP Problem — The Axion Mechanism

Peccei and Quinn, PRL 38 (1977) 1440-1443 and PRD 16 (1977) 1791-1797

* 0 becomes dynamical by introducing an axial global symmetry U(1) pg, broken spontaneously

. . inb PRL 40 (1978) 223-226
« Its NGB, the axion a, couples to gluons through the chiral anomaly Vi;;ﬁzgig’PRL 0 (§978))279_282

a Cs —ouv ~a — a
cgaGG — EQG K Guy% Qeff — 9_|_ E



The Strong CP Problem — The Axion Mechanism

Peccei and Quinn, PRL 38 (1977) 1440-1443 and PRD 16 (1977) 1791-1797

* 0 becomes dynamical by introducing an axial global symmetry U(1) pg, broken spontaneously

. . inb PRL 40 (1978) 223-226
« Its NGB, the axion a, couples to gluons through the chiral anomaly V\Z;;{;Z;ig’PRL 0 (§978))279_282

cgaGG_ a QSGCLMI/GCL . Qeff:9_|__

fa 8T fa,

* Non-perturbative QCD creates a potential that ensures CP conservation

Veffwl\/l—kcos(dg—kj(;) %<CL> = —fag_




The Strong CP Problem — The Axion Mechanism

Peccei and Quinn, PRL 38 (1977) 1440-1443 and PRD 16 (1977) 1791-1797

0 becomes dynamical by introducing an axial global symmetry U(1) pg, broken spontaneously

. . inb PRL 40 (1978) 223-226
Its NGB, the axion a, couples to gluons through the chiral anomaly V\Z;;{;Z;ig’PRL 0 (§978))279_282

a (g aur ~a = a
cgaGG:EgG H GI«LV% 96ff:9+£

Non-perturbative QCD creates a potential that ensures CP conservation

Veffwl\/l—kcos(dg—kﬁ) %<CL> = —fag_

a

The original model, the PQWW axion broke U(1)p, with two Higgs doublets



The Strong CP Problem — The Axion Mechanism

Peccei and Quinn, PRL 38 (1977) 1440-1443 and PRD 16 (1977) 1791-1797

0 becomes dynamical by introducing an axial global symmetry U(1) pg, broken spontaneously

. . inb PRL 40 (1978) 223-226
Its NGB, the axion a, couples to gluons through the chiral anomaly V\Z;;{;ngf’PRL 0 (§978))279_282

a « - = — a
cgaGG — f_éG MVGIJJV% Qeff — 9_|_ E

Non-perturbative QCD creates a potential that ensures CP conservation

Veffwl\/l—kcos(dg—kﬁ) %<CL> = —fag_

a

The original model, the PQWW axion broke U(1)p, with two Higgs doublets

* As a consequence, the axion scale was too low and should have been observed already

fo~V = 246 GeV



The Strong CP Problem — The Axion Mechanism

Peccei and Quinn, PRL 38 (1977) 1440-1443 and PRD 16 (1977) 1791-1797

0 becomes dynamical by introducing an axial global symmetry U(1) pg, broken spontaneously

. . inb PRL 40 (1978) 223-226
Its NGB, the axion a, couples to gluons through the chiral anomaly Vi;;ﬁzgff’PRL 0 (§978))279_282

ZoGcG =

a o
SG“””G“ B =0+ —
fa 8T id " fa,

Non-perturbative QCD creates a potential that ensures CP conservation

Veffwl\/l—kcos(dg—ka) %<a> = —fag_

The original model, the PQWW axion broke U(1)p, with two Higgs doublets

* As a consequence, the axion scale was too low and should have been observed already

fo~V = 246 GeV
DFSZ and KSVZ models avoid this problem

A. R. Zhitnitsky, Sov. J. Nucl. Phys. 31 (1980) J. E. Kim, PRL 43 (1979)
M. Dine, W. Fischler, M. Srednicki, Phys. Lett. B104 (1981) M. A. Shifman, A. I. Vainshtein, V. I. Zakharov, Nucl. Phys. B166 (1980)
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The mass ratios of third generation fermions can be identified in terms of PQ charges and ¢

mp my

mg me

Top Yukawa is made renormalizable, while mass ratios fix x; and x, — x;
Xq = Xu = 0, xq = log, my/me, Xe — x; = loge my/m;

Considering a perturbative benchmark value of € ~ 0,23 we find
Xq = 3, Xe — X =3

Perturbativity of the Weinberg operator + predictability in u — e in Au nuclei spurion fix x;

- — 7t 2 2x;
o (@)2 . (FH") 6o (A1) Ap~ o <6x 10" GeV x
Aq) AL 2 Amatm
SO: 1 = U = 48y = 4 - Tg =3 =,

S1: Tg=0=2,, Z=1, zZ3=3, z,=4 »
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Minimal Flavour Violating Axion Minimal Flavour Violating ALP
mg,~ 1 GeV
10° GeV
m, = 5.691(51) 7 meV Brivio et al., 1701.05379
a

fa~1TeV,|pys|~ 100 GeV = d = 1 mm

f, > 108GeV q W, Z,~
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Production Across EWPT and
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FAA, F. D’Eramo, R. Z. Ferreira, .. Merlo, A. Notari, 2007,06579
FAA, F. D’Eramo, R. Z. Ferreira, L. Merlo, A. Notari, 2012.04736
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Hot axions are a BSM radiation component

The axion energy density p, leads to a deviation of N, ¢ from its SM value
4

8 /11\3 p, =
ANeff = 7 T E 4 ANeff = 74,85Ya

Y, can be found by solving the Boltzmann equation

dYq, 1ding,q Y,
e (1 "3 ol )(ZV +ZVD><1 BA

a

Nefs probed in the future (CMB-54, LiteBIRD, Simons Observatory)

CMB-S4 Collaboration, K. N. Abazajian et. al., CMB-S4 Science Book, First Edition, 1610.02743
https://astro.unibonn.de/ kbasu/ObsCosmo/Slides2019/sciencelitebird final.pdf
Simons Observatory Collaboration, P. Ade et. al., JCAP 1902 (2019) 056, 1808.07445
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Production rate

3
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Main production

Gluons, high T

Gluons, heavy fermions
T ~ m¢

Heavy fermions, high T
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* Model independent results

* Operator-by-operator analysis: assume only one axion coupling at a time
* Solve the Boltzmann equation and find AN, for each set of processes

» Stop the equation at 1 GeV to keep strong interactions perturbative

* Result sensitive to Early Universe conditions:

* Initial condition: zero or thermal abundance

* Reheating temperature

16



Axion Dark Radiation and AN, — Production Across EWPT
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0.05¢ " — e
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e — Al Processes with ¢,
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< - All Processes with c,
0.02F
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XENON Collaboration, Phys.Rev.D 102 (2020), 2006.09721

* An excess has been measured by XENON1T, compatible with solar axions
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Axion Dark Radiation and AN, ¢ — XENONIT

XENON Collaboration, Phys.Rev.D 102 (2020), 2006.09721

* An excess has been measured by XENON1T, compatible with solar axions

* They could also leave an 1mprint on the Early Universe through N,

* Using the expected axion-electron coupling, we look at the expected AN, ¢
produced by these light relics in the DFSZ Model

19



Axion Dark Radiation and AN, ¢ — XENONIT

Jae/COS BoFsz
3-107"2 107" 3-107"
0.06¢ : :
: XENONA1T — cy=1/3, cp=0
0.05:— — cy=cp=1/6
0 04 _ — — Cu=0, CD=1/3
" 20 cMB-54
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. _
=
<] _
0.02F
10 CMB-S4
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Thermal History of the Universe: Aq-py

» Cosmological Principle + Einstein’s Eqs. —» Friedmann Equations

el 2 .
R 8nGyp kA R A 4nG
H2=< ) —— =3 = (p +3p)

R 3 Rz ' 3 3

« Barly radiation-dominated era
o Baryogenesis
o EWPT
o QCDPT

1/3
4
oV decoupling and e* e~ annihilation - T, = (E) T

o Big Bang Nucleosynthesis



Thermal History of the Universe: Aq-py

 When matter dominates, photons decouple after recombmatlon — CMB

6000 _-_ """"""""""""""""" .
5000 | /\
4000 F \
2 -
= 3000[
. E I{
2000 |
1000 | Hh\r
0 -_II 1 il 1 Lo b ]
600 [ LR R L T '| IIIIIIIIIIIIIIII 160
o 300 F 330
a 0 é | I||| 'J l {l h|”TI % + ﬁ#+“+‘+?"‘ .ot - obeteston ony +wme.L#'i’ 10
3 oah 1T TR s o
-600'—| AT A £ 1 L S S 360
2 10 30 500 1000 1500 2000 2500
[

* Allows to infer an interesting observable: N, ¢,

7 (T,\"
Prad = Py 1+§ T_ Neff
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The Strong CP Problem — Invisible Axions

. A. R. Zhitnitsky, Sov. J. Nucl. Phys. 31 (1980)
e DFSZ AxXion M. Dine, W. Fischler, M. Srednicki, Phys. Lett. B104 (1981)

o Adds a new scalar SM singlet, ¢, to the PQWW particle content

o ¢ 1s charged under U(1)py with x4 = —% and has a VEV vy »> v =~ 246 GeV

o The axion arises as a combination of the different pseudoscalars, with a scale f, = %‘i’ > v

: J. E. Kim, PRL 43 (1979)
[ J ’
KSVZ AXIOH M. A. Shifman, A. I. Vainshtein, V. I. Zakharov, Nucl. Phys. B166 (1980)

o The SM is neutral under U(1)pq, only a new singlet heavy quark @ and complex scalar o have PQ charges
o The axion is the angular part of g, invisible thanks to the large VEV v, > v

o KSVZ axion couples to SM fermions at a two-loop level

» Axion-gluon coupling implies a scale-mass relation shared by all these axions

10° GeV
m, = 5.691(51) meV
fa




The BSM Flavour Problem — MLFV

* In a Type-I SS with 3 RH neutrinos G gets an extra U(3)y,, plus new spurions Y, and Yy

* Spurions cannot be written in terms of light neutrino masses and oscillation parameters

v 2MLN

—1 T T A
my = yl/yN y <yy> <yN ><y1/>_ U-my,U
2L N v
* The symmetry group must be reduced, with two possibilities
Cirigliano et al., 0507001 R. Alonso et al., 1103.5461
S. Davidson and F. Palorini, hep-ph/0607329

\ NA

G = SUB)y, x SU(3)er X SOB)z x CP G177 SV g X SUB)en
" 2
2
~ Y r My v yil



The Strong CP Problem — Proposed Solutions

 Massless quarks

o One null eigenvalue in either quark matrix would render 6,¢p non-physical
o Lattice greatly disfavours this proposal
Hook, 1411.3325

o Modern models still make use of this idea Gaillard, Gavela, Houtz and Quilez, 1805.06465
Gavela, Ibe, Quilez and Yanagida, 1812.08174

e Nelson-Barr models Nelson, PLB 136 (1984) 384-391 Barr, PRL 53 (1984) 329 Bento et al., PLB 267 (1991) 95-99
o Consider CP a symmetry of the Lagrangian, broken spontaneously
o Must reproduce the observed CP violation in the SM while keeping 6 = 0
o New particles and/or symmetries may be introduced to achieve this

o High-dimensional operators or loop corractions can be troublesome

* A solution with just one symmetry and one particle: the Axion



The MFVA — Setup

* The axion arises as the angular part of ®

= p-l_—%ela/VQD

V2

« After integrating out p, the axion couplings read Cagg * 0
— ¢@umra)afveg, FY, yp — elFa=%e/vog, Y dp — el@e—2)o/ve] Y ep .
agg
=8/3
l Cayy
d, a—
7
Car) 20 wﬁ}/u'-}%lb 3
® Cagg = B(CCLU + Cad)a CaWW = 2—2 (3 (Cau + Cad) + Cae) 5
Cau = Tgq — Ty ; ol
t 3
CazZ = 4 (17Cau + 9Cqd + 156ae) + 2 (B(Cau + Cad) + Cae) ,
Cad = Tgqg — X 4 4t
lo 3
ayz = — (17 5 15¢ae) — — (3(Cau + Ca ,
Cae = L] — Te Canz 1 ( Cau + 9Cqd + Ce) 4t9( (Ca +c d)+cae)

Cayy = 2(4Cqy + Cad + 3Cae)



The MFVA — Phenomenology

Vo

fa =

Cagg

Jaeckel and Spannowsky, 1509.00476; Bauer et al., 1708.00443

» Astrophysical and cosmological bounds on photon coupling

fu > 1.2 x 107 GeV
fa > 8.7 x 10° GeV
f.> 8.7 x 10° GeV

fo 2 3GeV

for
for
for

for

10 meV S m, S 10eV,

10eV < m, <0.1GeV,

0.1GeV < m, S 1TeV

» Astrophysical bounds on electron coupling
Borexino Collaboration, Bellini et al., 1203.6258; Armengaud et al. 1307.1488;

Viaux et al., 1311.1669

fa > 3.9 x 10° GeV

fa > 6.4 x 10° GeV

for

for

1eV <m, <10 MeV

me S 1eV,

m~J

Ll | Te || Cau | Cad | Cae | Cagg | Cayy | CazZ | CavyZ | CaWW
S0 0 3 0 -3 -3 -9 | —-24| —-358| 88 —81
S1 1 4 0 —3 | =3 =9 | =24 | —35.8 | 8.8 —81
me < 10 meV,
oceeoe v




The MFVA — Phenomenology

Ll | Te || Cau | Cad | Cae | Cagg | Cayy | CazZ | CavyZ | CaWW
Vo
fa = C S0 0 3 0 -3 -3 -9 | —-24| —-358| 88 —81
agg
S1 1 4 0 —3 | =3 =9 | =24 | —35.8 | 8.8 —81

Brivio et al., 1701.05379

* Collider bounds on massive gauge bosons couplings (0,1 GeV S m,; < 1 GeV)

(aWW) fo 2 6.4GeV
(aZZ) fo 2 5.7GeV
(aZ~) fa 2 17.8 GeV

* Flavour bounds on aWW coupling
Izaguirre et al., 1611.09355

fo 2 3.5 % 10 GeV for me < 0.2 GeV

fo 2 105 GeV for 0.2GeV <m, <5GeV

q

T KT



The MFVA — Phenomenology

fa =

Vo

Cagg

Ll | Te || Cau | Cad | Cae | Cagg | Cayy | CazZ | CavyZ | CaWW
S0 0 3 0 -3 -3 -9 | —-24| —-358| 88 —81
S1 1 4 0 —3 | =3 =9 | =24 | —35.8 | 8.8 —81

« Flavour bound on bottom coupling through Y - ay (m, ~ 1 GeV)

Merlo et al., 1905.03259

£, > 830 GeV

Y

* Axion-bottom coupling bound from CLEO (0,4 < m, < 4,8 GeV, decaying axion)

CLEO Collaboration, PRL 80 (1998) 1150-1155

fo = 667 GeV




The Minimal Flavour
Violating Axiox

Setup and Phenomenolog

FAA, E. Fernandez-Martinez, M. Gonzalez-Loépez, L. Merlo, 2009.01848



MFVw: m,, and H, tension

e The Hubble Tension: L. Verde, T. Treu, and A. Riess, 1907.10625
K. C. Wong et. al., HOLiCOW XIII, 1907.04869

» Early Universe vs local measurements of H, differ upto4 — 6o
M. Escudero and S. J. Witte, 1909.04044

m, € [0.1,1] eV
Ay € [5 % 10714, 10712]

* This may be solved by Particle physics. E.g.: a Majoron

* Phenomenology of this Majoron in a Type-1 Seesaw

* Collider signatures: Ng, Higgs invisible decay, new scalar

» Astrophysical effects: CAST and Red Giant observations

* Majoron emission in OvgBf decays ‘



MFVw: m,, and Hj tension — The Majoron Mechanism

* SM extended with 3 RH neutrinos and a singlet scalar y, with LN —Ly and L, respectively

. . 1+Ly 2LN—Ly
e D\ _ D\ _ X\ x -~ 1/x\ = —.
—Ly = q HYyugr + | — | @HYgdr +\-— ) LLHYcer +(— LHYNg + 5| — XNRYyNg +h.c.
Ay Ay A, 2\A,
Xqp = X1, = Xup = Xng =0
« Heavy and light neutrino masses generated after LN SSB Xdp = Xep =3
2+Ly
. 2Ly—Ly
£ v v
_x —1qyT _ . Lr X Yx
m,, = yvyN yv: My = ¢ _yN Ey =
V2v, X V2 ¥ V24,
* Axion coupling to light neutrinos:
A m
low— . _
L(SW Y 5 l (;vv (‘)VLVZC,; Aa)vv =2 L ;;

X°X



MFVw: m,, and Hj tension — The Majoron Mechanism

* SM extended with 3 RH neutrinos and a singlet scalar y, with LN —Ly and L, respectively

. . 1+Ly 2LN—Ly
e D\ _ D\ _ X\ x -~ 1/x\ = —.
—Ly = q HY up + e g HYadg + e [LHY.er + o [LHY,Ng + S\ XNgYyNg + h.c.

[€)) () X X

Xqp = X1, = Xup = Xng =0

. Vy €y (My) A
CASENRL | 1 | 1 | [0.1,2] TeV |[0.49,1.4] x 10~* | [3.5,200] MeV | [1.4 — 11] x 10° TeV
CASENR2| 1 | 2 [[0.05,1] TeV | [2.4,11] x 107 | [35.4,707] GeV | [1.4 — 6.5] x 10° TeV




MFVw: m,, and Hj tension — The Majoron Mechanism

 Combining those expressions with the bound on 1,,,,,

2+LX
|LX|€)(LX yv’yﬁlféﬂ (S [1.2 X 10_13,2_4 X 10—12]
2LN—Ly
Ly
SX —-14
yN > 3.5 x 10
|Ly|

* A renormalizable scenario is possible, but it is very fine-tuned
Ly=-1L,=-2> Y, YvrYl € [1.2 x 10713,2.4 x 10712]
* Other possibilities
. LN>O,LX<O:>)(<—>)(+
* Ly<0,L,>0= non-local

* Ly =L, =—1=m, x &, highly fine-tuned



MFVw: m, and Hy tension — Majoron within MFV

 Minimal Flavour Violating Axion framework plus 3Ny

Gr =UB)q, X UB)ugy X UB)agp X U3y, X UB)ny X UB)ey

Xg, = X1, = Xyp = XN = 0,Xg, = Xep, =3
Gr D GF =U@)p x U), X U(D)y X U pg XU, X U(1)p,
. . 1+Ly 2LN—Ly
. D\ _ D\ - X\ b - < 1fx\ & -,
—Ly =q HYyug +\— | @HYgdr +|— | [LHYceg +|— LLHY,Ng + | — XNgYnNg + h.c.
Ao Ao A 2\A,

 After recovering predictability in the lepton sector
4 =8SU@B3);, xSUB)e, XSOy, XCP =Yy x1,Y, ER

2+Ly
EXLX vzy yT
m p—
v \/EUX vJIv
0" = SUB)y g X SUR)ep = Yy x 1 2+L
x
LX 2
s L
m,, yN




MFVw: m,, and Hy tension — Phenomenology

MZ _ MZ
gHTHx* x g= Uz—hsin 20 sin? 9 < 0.11
VU
X ATLAS Collaboration, 1909.02845
vy, t+ o i%
V2 ° 3
sin“ 9 M, U,
Ty = < 0.8 MeV = —%— = 5TeV
ww 32mv2 |sin 9|
nv)( S CMS collaboration, 1809.05937
10— r T S ]
: v,=50 GeV | v,=100 GeV} v,=2 TeV

> 10}
= ' ;
zb - .. -t - .. ,.-'f'--,,._ =

~ ~ . ‘ - - ~ \ /,/

1 ’ L A\ 4
‘I : . ) ‘l : - ‘l ;
......... //J
-5 0 5 -5 0 5 -5 0 5



MFVw: m,, and Hy tension — Phenomenology

* Heavy neutrinos

* (Case NR1 testable at beam dump experiments or near detectors at oscillation experiments like DUNE or SHiP

* (Case NR2 interesting for production at LHC or future colliders

* N - 3vin the early universe may disfavour some scenarios

« If it happens after BBN, as it may happen in Case NR1 with (My) € [3.5,200] MeV, the light-heavy neutrino mixing 6, is

bound by

(mV)
(My)
* The heavier masses in Case NR2 allow for decay before BBN, evading that cosmological bound

sin? 0, = < 10715 - 10717 A C. Vincent et al., 1408.1956

/ - 2 YA W
U\"I N > Sh FN—:»S;/ N—3v

CASE NR1 || [3.5,200] MeV | [2.5 x 10710, 1.4 x 1078] || O(1073%) | O(10799)

CASE NR2 || [35.4,707] GeV | [7.1 x 10714, 1.4 x 10712] || ©O(10=27) | ©(10~°°)




|

>

MFVw Phenomenological Signatures

1075}

1078

10—1[]_

10—12_

U”:U, U = 1:0:0

Previous searches /|

Produced out of equilibrium

Plot from Boyarsky, Ovchynnikov,

Ruchayskiy and Syvolap, 2008.00749

(Mn)

sin 0,

CASE NR1

[3.5,200] MeV

2.5 x 10719 1.4 x 107¥]

0.1

0.2 05 1 2
my [GeV]




Axion Dark Radiation and AN, — Production Across EWPT

« Flavour violating axion interactions

0, a (i iy ; :
E/ﬂ]:(%’) quarks — ;( Z |:'”.'Ef}'i ((“E:} + (?Eli) fa) “j + (] ﬁ'! ( + (( } ;)) (]'_}'-J

ij

* Decays existing only below EWPT q 7

* Boltzmann suppressed for T < my,

3
* Production rate for T > m,,: I' « c2 L

© i qi >

* Heavy fermions dominate. I'/H peaks at T ~ m,, N




Axion Dark Radiation and AN, — Production Across EWPT

 (General axion interactions

1
apy va m n
‘ZlXi(JIl—illt D = {(I FXS_ X X -+ 8 a Cy U l

f 2%
J a

X ={G,W,B}
Y ={0QL,ug,dg,E;, er}

* Three classes of processes

*X+X->X+a
cY+X-oP+a Yp+Y->X+a
*Y+H->Y+a p+yY>H+a

* Production is efficient when production rate I' exceeds Hubble rate, H



Axion Dark Radiation and AN, — Production Across EWPT

Vector Axial
2 CMB oS oo oo — b-»sa or b»da 20 CMB-S4 — b-saor b-da
0.04}f — tocaortoua H 0.04F — t=caortsua

0.03f 0.03}
t 10 CMB-S4 - 10 CMB-S4
5 | 5|
2 I g L
< 0.02} 0.02}
[ 10 futuristic | 10 futuristic
0.01 ool ) 0.01
10° 10’ 108 10°

f, (GeV)



Axion Dark Radiation and AN, — Production Across EWPT

ct=1
0.05 -
20 CMB-54
0.04}
—
0.03}
----- ; ! ttag
. 10 CMB-54 \ ttaH
z \ | —— ttaz
< 0.02} \ | R ttaxo
i . tbaw
ttay.
10 futuristic
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Axion Dark Radiation and AN, — Production Across EWPT

UV Complete Models

» Specific models give a single prediction for AN, ¢ (f;)
* Two classical invisible axion scenarios:

« DFSZ.c; + ¢, = 1/3,E/N has two possible values

« KSVZ. Only gluon process, many values for E/N
« An example of a flavourful axion model:

e The Minimal Flavour Violating Axion. ¢; = 0,E/N = 8/3



Axion Dark Radiation and AN, — Production Across EWPT

MFVA Model
0.05 : .
20 CMB-S54
]
0.04¢ \
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10 futuristic
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Original KSVZ Model
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AN
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Interplay of Ty and f,

AN

10g10(Tru) (GeV)

0.040

0.035

0.0:

= 0.030

i 0.025

—-0.020

— 0.015

+-0.010

0.005

log,o(1,) (GeV)




Axion Dark Radiation and AN, ¢ — XENONIT

Gae
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: XENON1T — Total
0.05F — ftga
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0.03F
5 : \
Z _
>3 _
0.02+
-1 CMB-54
10 futuristic
0.01 -

5x 10’ 1x108 1x10°

f, (GeV)



Axion Dark Radiation and AN, ¢ — XENONIT

ANeﬂ

C{KEHCMTUE) CbKEHCN‘ITUa]
1073 1072 10" 1 101 102 010 107" 1 10’ 102 10° 104 10°
050 — | | | ’ ] % | ’ (10
008 _ E E E E _ Cg{fa)=1
0.06] & ' Colfe}=0.1
0.20f - . [ |
0.04} o : )
0.10 = | 20 CYB-54 ]
yd :
[ < 1
0.05} ¥
[ 20 cMB-54 0.02F ®
[ 10 CMB-S4 x =
0.02F 5 cme-sa ¥
0.01 10 futuristic 1o futuristic | | |

1000 100 107 | 10°
f,(GeV) f, (GeV)

10*



ANeﬁ

Axion Dark Radiation and AN, ¢ — XENONIT

KENONIT AEMONTT
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Axion Dark Radiation and ANgrr —ANger > 0

* No detection or AN, (¢ < 0,03: none or small axion-heavy quark coupling

* ANgss ~ 0,03 — 0,05: hint towards axion-heavy quark coupling. Possibility to
test ¢y /c. for models with fixed PQ charges

* AN,¢r = 0,05: either ¢; # 0 with low f; or production through bottom and/or
charm quark below 1 GeV



