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Why Goldstone Bosons?

* Spontaneously broken global symmetry = New massless scalar

* Non-exact symmetry: NGB becomes massive

« NGB to solve SM problems « Also relevant for cosmology

. Strong CP Problem » Topological defects: monopoles, cosmic strings

and domain walls

Flavour puzle and neutrino masses

 Inflation

Hierarchy Problem

B :  Dark radiation
* Baryogenesis

« Alterations to thermal history of the Universe

Dark matter



Why Majorons?

 Neutrinos are massive



Why Majorons”?

* Neutrinos are massive — BSM Physics
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» If Lepton Number spontaneously broken — Majoron
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Why Majorons”?

* An interesting cosmological anomarly: The Hubble Tension:
Verde, Treu, and Riess, 1907.10625

Wong et. al., HOLiCOW XIII, 1907.04869
« Early Universe vs local measurements of H, differ upto4 — 6o

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

Escudero, Witte, EPJC 80 (2020) no. 4 294
FAA, Fernandez-Martinez, Gonzalez-Loépez, Merlo, 2009.01848
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QQODgG G

~ 1
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The GG term is related to quark masses through the chiral anomaly

_______ v é — QQCD -+ Arg (Det (MuMd))

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

d,~0x107%e.cm, 06 <0(10719)
Crewther, D1 Vecchia, Veneziano & Witten, 1980 Baker et al., 0602020 Afach et al., 1509.04411

Why is a dimensionless parameter so small?



Why Axions?

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



Why Axions?

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

: : Weinb PRL 40 (1978) 223-226
- Its NGB, the axion a, couples to gluons through the chiral anomaly ‘oo prr. 10 (o7 ar.250

= a
ZQGG _ a Og Ga,,uuGa eeff — 01

fa a



Why Axions?

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
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Why Axions?

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

Weinberg, PRL 40 (1978) 223-226

Its NGB, the axion a, couples to gluons through the chiral anomaly ., pri, 40 (1978 279.282

a OésGa,uVGa éeeffzé_f—ﬁ

Loaa =
GG = T -

Non-perturbative QCD creates a potential that ensures CP conservation

%ff,ul\/lJrcos(@Jr;;) é<a> — _fag_

Axions appear in all kinds of environments

Flavour FAA, Merlo, JHEP 11 (2019) 152

Inflation

Axion Dark Radiation ~ FAA, D’Eramo, Merlo, Notari, Zambujal Ferreira, JCAP 11 (2020) 025 and JCAP 03 (2021) 090
Produced through cosmic strings and domain walls



Dynamical Minimal
Flavour Violating
Inverse Seesaw

FAA, Fernandez-Martinez, Gonzalez-Lopez, Merlo, JHEP 09 (2022) 210
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Low Scale Seesaws

* Neutrino masses require New Physics: Seesaw Mechanism

2

* Original Type-I SS: new heavy scale My » v = m,~ 1:[—

N

Wyler and Wolfenstein, NPB 218 (1983) 205-214

* Low scale SS: 2 types of HNL, Ny and S; with opposite LN  ‘\iohapatra and Valle, PRD 34 (1986) 1642

1 _
X = (VL)NEIS}%);LY > E XMXX + h C.,

) m,, = _[@v TMD E@v + Y, E]

Inverse Ui
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Isidori et al., 1002.0900
= 10* TeV e

* Naive new flavour physics should live around Ayp = Ellis et al.. 191011775

« MFV, all flavour and CP violation is the same as in the SM  ¢hivukula and Georgl, PLE 188, 99-104 (1957

D’Ambrosio et al, 020736; Cirigliano et al, 0507001
Liin = Gp = U(3)g, X UB)uy, X U(3)a, x U(3)

. XU@R)ep X U(B) Ny X U(3)s,

Y, = Vu~(3,3111), Y;—V;~(3131,1), Y.— V. ~(1,1,1,3,3) Y, ~(3.1.3.1), Y ~(3,1,1,3).
. “ ‘ ; "~ (1,1,1,6) . ~(1.1.6,1), A~(1,1,3.3).
V) = Vi diag <Z—th n—Lt 1> (Va) = cpdiag (Z—iz Z—ib 1), (Ve) = c,diag <Z§T Zi’; 1) H ( ) o~ ) ( )
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* Naive new flavour physics should live around Ayp = Ellis et al.. 191011775
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Liin = Gp = U(3)g, X UB)uy, X U(3)a, x U(3)

. XU@R)ep X U(B) Ny X U(3)s,

Y, = Vu~(3,3111), Y;—V;~(3131,1), Y.— V. ~(1,1,1,3,3) Y, ~(3.1.3.1), Y ~(3,1,1,3).
u e : ; "~ (1,1,1.6), ~(1,1,6.1), A~(1,1.3.3).
V) = eV diag <T:—Lt ZL—” 1> (Va) = cpdiag (Z—iz Z—ib 1) (Ve) = crdiag <ZiT Zii 1) M ( ) oo~ ( ) ( )

* No predictive power in the lepton sector —» Simplifications

Cirigliano et al., 0507001 SU@3)y, XSOB3)nosts
Davidson and Palorini, hep-ph/0607329 L RTOR

Alonso et al., 1103.5461

SU(3)np X SU(3)s, — SU(3) Nps5p -
SU(3)g, X SURnss

y:xmy:;“‘*-’[:j.l‘g}‘ ji""‘“ﬂf"vﬂ.m(l.l,ﬁ:}‘

SU(3)5L+NR+SR
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Dynamical ISS 1n MFV — Phenomenology

[2.4,2.9](CDF)

LFV My, (TeV) Best Probes
Colliders
Case A =z 0(1)
Indirect
Case B = 0(10) Indirect
= 0(1)
Case C ) ¢ Colliders

11



One U(1) To Rule Them All:

In the Realm of Leptoquarks,
the Axion Shines
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In the SM only B and £ remain as global symmetries, but are broken at quantum level

 How could they entangle with the axion symmetry?

Explicit Spontancous

U1l)e@UQ)g@U1l)e — UQ)p@U)~=U1)po®@U(1)x e U(l)x
U(l)X — U(1)8® U(l);;? U(l)gig ,U(I)B : U(l)g, U(l)ggig e

 May answer a cosmological question: DM relic density related to the barionic one?
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Procedure

 Many possible states and couplings to consider

(3,3.
(3,2,
(3,2,
(3,1,
(3,1,
(3,1,

—2/3):
+1/3) :

+7/¢
_2/

(L (Y
e e M N S e

+4/3) :
—8/3) :

(

(3,2.+1/3) :
(3,2,-5/3) :
(3,1,+4/3) :
(3,1,10/3) :

(3,1,-2/3) :
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Procedure

« Many possible states and couplings to consider (3,3.-2/3) : 55" (3,3, +4/3) : Vﬂi
(3,2, +1/3): Sa/° (8,2,+1/3) : V1)

* Choose some couplings of LQs to SM fermions 3.2.47/3): 5 (3.2.-5/3) V;ff
and to scalars breaking U(1)p, but preserving (3,1, -2/3) : 523 (3,1, +4/3) : Vfl,ff
B and L (3,1,+4/3): 5}/ (3,1,10/3) : V;/°
(3,1,-8/3): 53/° (3,1,-2/3) : V{1
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Procedure

. ) ) o\ . a2/3 143

 Many possible states and couplings to consider (3,3, -2/3) : 55 (3,3, +4/3) : Vlﬂ/{;
| | (3,2, +1/3): Sa/° (3,2, +1/3) : V),

* Choose some couplings of LQs to SM fermions (3.2.47/3) : 573 (3.2.-5/3) V;f
dt lars breaking U(1)p, but ] Y 143

and to scalars breaking U(1)p, but preserving (3,1, -2/3) : 523 (3,1,+4/3) : Vi
. 4/3 1 10/8

B and £ (3,1,+4/3) : S}/ (3,1,10/3): vy,

: : o . o8/3 1,2/3

« Identify U(1)y and field charges (3,1,-8/3): Sy (3.1, -2/3) : Vi,

&/37 C =83 P A0 3T A8/ 3
Lksvz+1.Q = LKsvz + S1f drep + SlK GpuR + ¢ 51; TSl”’ + h.c.
8/3 ~8/3
¢ 51 Sy qrL ur dr {1, €er VR

U 1/2 1/3 —2/3 1/3 1/3 1/3 0 0 0
U(l)s 1/2 1 0 o 0 o0 1 1 1

14
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Results

Proton decay, neutrino masses and n — 71 oscillations induced by LQ and SSB of U(1)p

Including d,¢ couplings to LQ forces the axion to appear in the previous processes

May be relevant for the neutron lifetime anomaly

May link DM production and baryogenesis 10y
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The Flavour Puzzle — Flavour Symmetries

 The SS Mechanism provides the overall neutrino mass scale, but not the hierarchies

 New symmetries in the flavour sector are a useful tool to help with this

o Gauged or global
o Discrete or continuous

o Abelian or non-Abelian

* An interesting proposal: Froggatt-Nielsen models

olU (1) EN flavour symmetry with different charges for each fernfisrg gt ANie sene W IR Vo Tré 8951 7 @98

fR_fo

() x] l — ij
(+) fHY fo

Xq):—l



The BSM Flavour Problem — MLFV

* In a Type-I SS with 3 RH neutrinos g r gets an extra U (3) Np plus new spurions yv and

Yn
2
2
- Sp%i@@&gﬁ)e%b%@f}@%@erms of 11%@%;1}314@&}@01 %és}’%%nﬁ os%l%éiiﬁﬁ%ﬁn@lb@ters
LN

Cirigliano et al., 0507001 R. Alonso et al., 1103.5461
S. Dav1dson and F. Palorml hep -ph/0607329

e The,symmetr rou must be reduced, with two possibilities
RSV IIASLEY BXOUR S be Yeguged, WILIwo POSSIARCS, SU(3)1, +np X SU(3)er
° 2
iy = =y, YT my =~ —— Yy



The BSM Flavour Problem

* Solving the SM Open Problems may introduce new states and loop effects

« SM flavour is very sensitive to new loop contributions and posible tree level BSM FCNCs

_|_

- H b pe
b < W
A BSM A
BY{  u,cta BY.
s — » W=
R S _
Glashow, Iliopoulos, Maiani, PRD 2 (1970) 1285-1292 l’L /JJ

* Deviations in these processes should be easily measurable

» Their absence sets the NP scale tobe A = O (1 0* TeV)

Isidori et al., 1002.0900
Ellis et al., 1910.11775



Dynamical ISS 1n MFV — Setup

- Froggatt-Nielsen + MFV: U(1) gy = U(l)pQ D EAA, L Merlo, 1709.07039

* Flavon @ introduced for PQ invariance, X = —1

_ CI) xl/)R_xlpL ch)
LY = yllj l/)LHl/)R (_> ¢ €= ! 1 for £=0.01,

e N2, {

3 for £=0.23,

CASE A CASE me CASE %’l
— SU ¥y B5HYei T Y3 versXg — K50 » S5 — xp=dog, r&ﬁ
t mg
- ihr8estenariody ~ Y, ~ (3,1,3) Ng,Sg~(3,1) Ne~(3,1),Sr~(3, 1)

Y, YV, o1 pr~p ~A~(6,1) V,,Ax1 W~ Yt~ ot~ (6,1)



Dynamical ISS in MFV — Case A

= SU(3)s, X SU(3)ep, X SO(3)Npt5x

() v
_ 0 —Y, c e2{Y) \
{I) Le—Ip ‘I’ 'EII!E ( L 14 L
_fy = ELHYFR (ﬁ ) +ELHYNR—|—(‘V€LHYSR (ﬁ ) — v o fg \/E
i1 @ _ —Y re—1 A
L enNEN ‘I’({D)Hf—l 555 @f(@ )2%_1 ANGSg+h o v l%
+ —cnyNENR —f‘s ROR + ANESR + hee. Y 2myT A V8 94, 1
2 As As chﬁa b r:;,\/ga‘ )
Y, = U/} U = Ro3(a3) - Ri3(613, Ocp) - Rio(612) - diag (1, €2, )
v = i = l123(V23 13(V13, Ocp 12(V12 gL, e 7, ¢€
2 _2x,—1 . hr —1 sinh r
veE coshr _SIn
f = (csfu@—Z\/ﬁcysA) H=e%=1-— > Q52—|—2
21/2 A2 r r
0 ¢1 P2
My ~ A o=\ —01 0 ¢3 r = \/ P + ¢35 + Q’)%
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[max(Y,)]

Dynamical ISS 1 in MFV — Case A
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Dynamical ISS 1n MFV — Case B

NRrSR~(3f 1)

rt=8SU3)y x SU(3)e,

_ (I) Te—Xp L _N (b 2xy
_g}? = ( HY,ep | — +e,nlHNgp +c, sl HSp | — +
A@ A‘i’

1 2zrp—1 L 2zp—1 M
I écNNﬁYNNRd) (A—) + —S}:E}/NSR(I)T (—) + X
$

+ AN—EYNSR + h.c. -

2 2,
Ve, C., . Up
sk e —177t _ ~2zg—1 VN
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CIQ,N’U2

T 4f2)2

Dynamical ISS in MFV — Case B

Umn2U!

Normal Ordering, m; = 0 eV, & = 0.23 Normal Ordering, m; = 30 meV, & = 0.23
106 | I v T T T v T v T 1 106 L T T T v T B T T T

. - 1p=e (Ti) (Prospect)

. - 1 p=e (Al) (Prospect)
10%- b p—e (Au)
[ p=e(Ti)

p-ey

MN 1 (TeV)

"' Perturbativity of ¥y

6 8 10 12

Xy Xy

Inverted Ordering, m3 = 0 eV, & = 0.23 Normal Ordering, m; = 0 eV, & = 0.01

l“ﬁ r T ¥ 1 ¥ 1 t T t 1 1 106 - v ' ' ' ' ' "

- | L L [ip—e (Ti) (Prospect)

- ~. o p—e (AD) (Prospect)
p—=e (Au)

[ p—e (Ti)

p-ey

My, (TeV)
JHN' (TE‘I)

! Perturbativity of ¥y
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Dynamical ISS in MFV — Case C

rt=8SU@3)y x SU(3)e,

Le—Iyp . L (I) QIE'
) + e, Nl HNp + C,,SgLH YEIFSR (A—) -+
P

1 L 2xp—1 1 (I) 2xp—1
+ 5enNgYy Na® (—) + 5 SRV Sr®! (—) +

Aq) A(I)

+ ANgSg+he.,

NRN(?’; 1); S_R~(3’ 1)
U (%
0 - — G 2xp YT
( CuN 72 Cus \@5 N \
v Y _22,-1
N~ — =€ ‘ Y A
M, “NB N :
v, i U 9,1 f
v S A = 4
K C S\/* N \@ N )
. 2(.:;,;;\; (-:IJSE 1_{’-'.," ~ 1
A i
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Dynamical ISS 1n 1\/113‘\72 — Case C

N=(1-nU

3.01,
E R ——
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The Strong CP Problem — Proposed Solutions

 Massless quarks

o One null eigenvalue in either quark matrix would render 6 QCD non-physical

o Lattice greatly disfavours this proposal
Hook, 1411.3325

Gaillard, Gavela, Houtz and Quilez, 1805.06465

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

° 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 — Phenomenology

Vo

Ja =

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

fa 2 3GeV

for
for
for

for

10 meV <m, < 10eV,

10eV < m, £0.1GeV,

0.1GeV S my 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

fo = 6.4 x 10° GeV

for

for

1eV <m, < 10 MeV

me S 1eV,

m~J

Ly | 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| 88 —81
me S 10 meV,
oo Y




The MFVA — Phenomenology

Ly | Te || Cau | Cad | Cae | Cagg | Cayy | CaZZ | CavyZ | CaWW
Vo
Ja = . S0 0 3 0 -3 -3 9| —-24| 358 | 88 —81
agg
S1 1 4 0 -3 | =3 =9 | =24 | —35.8| 88 —81

Brivio et al., 1701.05379

* Collider bounds on massive gauge bosons couplings (O 1 GeV <
q

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

» Flavour bounds on aW W coupling

Izaguirre et al., 1611.09355

fo 2 3.5 X 10 GeV for me < 0.2 GeV

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

Smy S 1GeVVBZ
y &5 7Y




The MFVA — Phenomenology

Ly | Te || Cau | Cad | Cae | Cagg | Cayy | CaZZ | CavyZ | CaWW

Vo

Ja =

— SO 0 3 0 -3 -3 -9 | —24 | —35.8 8.8 —&1
Cagg

S1| 1| 4 0 | -3 -3 -9 |-24| -358] 88 —81

« Flavour bound on bottom coupling through Y — ay (ma ~1 GEV)

Merlo et al., 1905.03259

£, > 830 GeV

Y

» Axion-bottom coupling bound from CLEO (0,4- S mg < 4,8 GeV, decaying axion)

CLEO Collaboration, PRL 80 (1998) 1150-1155

fo = 667 GeV

Y
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MFV@: M,, and H o tension — The Majoron Mechanism

¢ Combining those expressions with the bound on vav

2+LX
|LX|€XLX yv'yﬁl'yf (S [1.2 X 10_13,2.4 X 10—12]
2LN—Ly
S
SX —14
|Ly]

*  Arenormalizable scenario is possible, but it is very fine-tuned

Ly =-1L,=-2=Y,Yy'Y) € [1.2x10713,2.4 x 107**]

*  Other possibilities

. LN>O,LX<O:>)(<—>)(T
* LN < O, LX > O = non-local

¢ LN = LX = _1 = mv 0.8 g)?l,highlyfine-tuned
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MFV@: M,, and H o tension — Majoron within MFV

« Minimal Flavour Violating Axion framework plus 3Np
Gr = UB)q, X UB)yg X UB)ap X U3y, X UB Ny X U(3)ep

Xq, = X1, = Xyp = Xnp = 0,Xg, = Xep, = 3
Gr 2 GF = U x UMW), x ULy X U(D)pg X UL, X Uy,
—Ly . ; 1+Ly
. O\ D\ _ ¥\ Ix - -
= HYuyg i) QwHYadr + () LHYcer + [LHY, NR
1/ i \Aq, Ao A)(
'F'_ — ;(EE%@/NJVR 4‘11.C.
2 AX

 After recovering predictability in the lepton sector

L4 =SU@3);, XxSU@3)e, XSOB)y, XCP =Yy x1,Y, ER

61
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MFV@: M,, and H 0 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 = 3V in the early universe may disfavour some scenarios

 Ifit happens after BBN, as it may happen in Case NR1 with (MN> (S [3.5, 200] MeV, the light-heavy

neutrino mixing 95 is bound by A. C. Vincent et al., 1408.1956

(m,)

-2 —
sin 95_(M\

< 1071% - 107V

= N7

/ - 2
« The heavier masses in(@%’i&%}RZ allow for decay bef@ﬂ@BIﬁ\é, evading that ('osngégiaqal boundF%ir_ggy

CASE NR1 || [3.5,200] MeV | [2.5 x 10710, 1.4 x 1078] || O(1072%) | O(10799)

CASE NR2 || [35.4,707] GeV | [7.1 x 1074, 1.4 x 10712] || O(10=%7) | ©(10~°°)
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MFV®@ Phenomenological Signatures

5 2,9 Plot from Boyarsky, Ovchynnikov,
Ue":U, U7 =1:0:0 Ruchayskiy and Syvolap, 2008.00749

1076} Previous searches /

(M) sin® 0,

CASE NR1 || [3.5,200] MeV | [2.5x 1071, 1.4 x 1078]

10—1[]_

10-12} Produced out of equilibrium
0.1 0.2 0.5 1 2
my [GeV]
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Axion Dark Radiation and AN eff - Production Across EWPT

0.05

0.04f

0.03}

%
z
<

0.01

0.02}

ct=1

20 CMB-54

—_—

10 CMB-54

10 futuristic

1 04
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Axion Dark Radiation and AN eff - Production Across EWPT

s UV Complete Models

+ Specific models give a single prediction for AN, ¢ ¢ (fg)
* 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:

« The Minimal Flavour Violating Axion. ¢; = 0,E/N = 8/3
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Axion Dark Radiation and AN eff - Production Across EWPT

MFVA Model
0.05 ' .
- 20 CMB-54
M \
0.03} o
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> CAST IAXO 0.05 ' N--; ' ’ ‘
z L] (]
< - 20 CMB-54
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0.04} = i ]
0.03} g
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0.01 ) : . x ; 10 CMB-54
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Interplay of TRy and f,

10
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AN
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—-0.025
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0.015
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10 12
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Axion Dark Radiation and AN eff - XENONI1T
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ANeﬁ

Axion Dark Radiation and AN eff - XENONI1T
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Axion Dark Radiation and ANeff — ANeff > ()

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

* ANg¢s ~ 0,03 — 0,05: hint towards axion-heavy quark coupling. Possibility to

test ¢y /c. for models with fixed PQ charges

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