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https://arxiv.org/pdf/2410.08668

Warning

@n’t actually mention the word “GUT” in the following (SO@

but

. Flavour charge assignments compatible with a GUT embedding

(e.g. SU(5)-invariant) are possible in the FN models I will discuss
e.g. Chankowski et al '05

A similar analysis could be done and similar results are expected for
non-abelian flavour symmetries explicitly compatible with GUT

e.g. Linster Ziegler '18

* The following is another illustration of the capability of GW searches to
test very large scales including those related to GUT breaking

see for instance Dunsky et al '21, Zhou Ye-Ling and collaborators 20, 21, 23
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https://arxiv.org/abs/1805.07341
https://arxiv.org/abs/2111.08750
https://arxiv.org/abs/2009.01903
https://arxiv.org/abs/2106.15634
https://arxiv.org/abs/2308.05799
http://arxiv.org/abs/hep-ph/0501071

The flavour sector of the SM

) see e.g. J. Zupan’s review arXiv:1903.05062
Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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You are here (why?) (why?)
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https://arxiv.org/abs/1903.05062

The flavour puzzle

courtesy of O. Sumensari

Flavor in the SM

e The SM flavor sector is loose: (even w/o considering neutrinos)

= 13 free parameters (masses and quark mixing) — fixed by data.
£Yuk =7 ;j @z’de H — YJJ Qz’uRj -?I = Y'eij ZieRj H +h.c.

= These (many) parameters exhibit a hierarchical structure which we do not understand.
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How to explain the observed patterns in terms of less and more fundamental parameters?
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A possible solution: Froggatt-Nielsen flavour models

« SM fermions charged under a new horizontal symmetry G Froggatt Nielsen ‘79

Leurer Seiberg Nir 92, 93

e G forbids Yukawa couplings at the renormalisable level

« Gpspontaneously broken by the vev(s) of one or more scalars (the “flavons”)

* Yukawas arise as higher dimensional operators

1}

L = g%

(

¢

A

nw_ 5 d
) Qiuj H + ay;

flavour-anarchical
O(1) coefficients

(P) <A => €= <§b> / A small expansion parameter (A=UV scale)

n

i dictated by the symmetry

G could abelian or non-abelian, continuous or discrete, local or global
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The simplest option: Froggatt-Nielsen U(1)

Quark sector

FN charges ; ;
| 0| Q| wi | di |H Yii=a;; e % =
U(1) H 1 ‘ Qo | Qu;| Qa,| O — Yz;l _ a% 90,24,

Rotation matrices Y/ = VfTYfo —> VZ'?’d ~ el Qai=Qq; | pwd | (1Qu;d; = Luy .4,

1]

Successful predictions for Vogy = V' Vat.
Vud%Vcsf":j‘/;ﬁbml Vub%%d%VusXVcb

(independent of charge assignment)

Example:
(QQI’ QQ27 QQS) — (37 2, 0)7 (QU17 Quy s QU3) - (_47 —2, 0)7 (Qd17 Qd27 Qd3) - (_47 —2, _2)

el € €3 el €5 € 1 € €
Ve | 8 et e |, Y| 6 et et Veer ~ | € 1 €2
et €2 1 et €2 2 e €2 1

e = (¢p)/A~0.2
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FN U(1): Lepton masses and mixing

Lepton sector

(¢) Qr;,—Qe;

, ¢* QLi—l—QLj L_@Cﬁ ﬁTL
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|Q6,Z:_er |
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LH charges can chosen to give a (quasi-)anarchical Upyyws = V* Vet
RH charges then responsible for charged leptons hierarchy

Examples: Altarelli Feruglio Masina Merlo ‘12
o Anarchy (QL17 QL27 QLg) — (QL) Q[n QL)
 Mu-tau anarchy (QLU Qrys QLg) = (QL +1, 9r, QL)
* Hierarchy (Qr,s Qr1,, Q1) = (Qr+2,Q9r+1, Q)

Charged lepton hierarchy, e.g. :  (Qe;, Qey, Qes) = (Qr — 4,91 — 2,9 — 1)
(with ey = €% &~ 0.04)
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https://arxiv.org/abs/1207.0587

Local Froggatt-Nielsen U(1)

Flavour non-universal local U(1) symmetry generating the hierarchies of
fermion masses and mixing through the Froggatt-Nielsen mechanism

Smolkovi¢ Tammaro Zupan '19 )

(anomalies cancelled by suitable UV completions Bonnefoy Dudas Pokorski '19

Below the cutoff A, only two new particlE

¢ U¢ @ ’L@’U¢

longitudinal
\omponent of
Physical flavon U(1) gauge boson, Z’
1
my = ?‘czb%zs mz = V2gr(d) = grvg
f A=
L=n] T szRfJ % LD gr f*"(QsPL+ Qs Pr)f Z,

— both fields decay into SM fermions and are produced in the early
universe by thermal interactions (O(1) couplings with the fields at A)

— we have to require their lifetime < 0.1 s in order not to affect BBN
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https://arxiv.org/abs/1909.05336
https://arxiv.org/abs/1907.10063

Flavour-violating FN Z’

Flavour non-universal local U(1) symmetry generating the hierarchies of
fermion masses and mixing through the Froggatt-Nielsen mechanism

Smolkovi¢ Tammaro Zupan '19 )

(anomalies cancelled by suitable UV completions Bonnefoy Dudas Pokorski '19

Interactions of the new gauge boson Z’ flavour-violating by construction:

L = gp Z/: [ﬂa’yM(C}JLQBPL—FCJ%aﬁPR)Ug +aa7M(CgQBPL+C%aﬁPR)d5+

Y 14 14 —
new U(1) gauge gaV“(CL af Pr, + CRa/B PR)KB + vy CZ af Prvg| ,

coupling 7 f
fo—yf fx Y e CrxC
C(L aff — VOé’iQfLiV,Bi CRa,B - Wai QfRiWBi C‘J;’A = & 5 L
unitary rotations matrices of
to the fermion mass basis U(1) charges

Z’ mediates flavour-violating processes and,
=> if light, mesons and leptons can decay into it, e.g.:
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https://arxiv.org/abs/1909.05336
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Flavour-violating FN Z’

Flavour non-universal local U(1) symmetry generating the hierarchies of
fermion masses and mixing through the Froggatt-Nielsen mechanism

Smolkovi¢ Tammaro Zupan '19 )

(anomalies cancelled by suitable UV completions Bonnefoy Dudas Pokorski '19

Interactions of the new gauge boson Z’ flavour-violating by construction:

L = gp Z/: [ﬂa’yM(C}JLQBPL—FC}%aﬁPR)Ug +307M(Cga/BPL+C%aﬁPR)d5+

Y 14 14 —
new U(1) gauge L (Cr, o Pr + Cragp Pr)ls + vay" CF o PLVg

coupling 7 f
unitary rotations matrices of
to the fermion mass basis U(1) charges

Z’ mediates flavour-violating processes and,
=> if light, mesons and leptons can decay into it, e.g.:
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https://arxiv.org/abs/1909.05336
https://arxiv.org/abs/1907.10063

Flavour-violating FN Z’ : flavour bounds

Meson decays into 2’ Lepton decays into 2’
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Flavour processes set stringent lower bounds on the U(1) breaking scale
Kt =777 vy 2 83x10°° GeV, Bt - K'Z': vy2> 3.0x 107 GeV
—> p—eZ s vy 2 1.3x107 GeV, T 47" vy 2 7.6 x 10° GeV

%

K — K mix. : v, 2> 6.5 x10° GeV

see also Smolkovi¢ Tammaro Zupan '19
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https://arxiv.org/abs/1907.10063

Cosmic strings and gravitational waves

What if the U(1) breaking occurs at higher energies?
A new promising direction: gravitational waves (GW)

U(1) breaking — cosmic strings — emission of a GW background!

Kibble '76 (for a review: Vilenkin Shellard '00)
\

Key assumptions:

. After inflation, the universe reheats with Tru > vs

—> FN U(1) unbroken in the early universe

e At T ~ vy the universe undergoes a 2nd order phase transition

—,> gauge strings form

ratio squared

0.05 0.10 0.50 1 5 10

My
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https://www.cambridge.org/mw/universitypress/subjects/physics/theoretical-physics-and-mathematical-physics/cosmic-strings-and-other-topological-defects?format=PB
https://doi.org/10.1088/0305-4470/9/8/029

Cosmic strings and gravitational waves

What if the U(1) breaking occurs at higher energies?
A new promising direction: gravitational waves (GW)

U(1) breaking — cosmic strings — emission of a GW background!
Kibble '76 (for a review: Vilenkin Shellard '00)

A
EoM: D,D"¢+ 7% (¢p¢* —n*) =0,  9,F'"™ =2gp Im(¢*D"¢)

static, cylindrically symmetric solutions (strings):

: n
/
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https://doi.org/10.1088/0305-4470/9/8/029
https://www.cambridge.org/mw/universitypress/subjects/physics/theoretical-physics-and-mathematical-physics/cosmic-strings-and-other-topological-defects?format=PB

Cosmic strings and gravitational waves

Numerical solutions for the string width and tension:

L ws) Gu=—"B
w = —— e S
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|— Width w - my
7 Tension 11/7v},
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Cosmic strings and gravitational waves

Numerical solutions for the string width and tension:

1

String tension (energy per unit length): Gu = &r%
it grows quadratically with the U(1) breaking scale

String loops and string network collisions emit GWs

—> stochastic GW background with frequency spectrum

oo 8 oo
Qon () = 3 0N = S l(Gr S )P
k=1 0 k=1
Larger signal for larger tension (higher U(1) breaking scales) As
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[llustrative GW spectra
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string loops lose energy mostly through (<t ~v 2
C

particle ( Z’) emission below the critical size: (TGp)?

Matsunamiet al '19
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https://arxiv.org/abs/1903.05102

Flavour limits vs future GW sensitivities
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GW and flavour exps. interplay can (almost) close the parameter space!
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Flavour limits vs future GW sensitivities
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GW and flavour exps. interplay can (almost) close the parameter space!
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Summary and conclusions

We don’t know the origin of the SM flavour sector (dynamical?)

[t may involve energy scales unaccessible at lab experiments

Stochastic GW from cosmic strings might open a window on that

The example we discussed shows an interesting interplay:
Flavour processes probe low to intermediate scales, $10°-10!! GeV

Future GW observatories will test high to intermediate scales
2 10! GeV (ET), 2 10° GeV (BBO)
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Thank you!
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