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o Why three families?
o Why the three families interact so differently with the Higgs?

o What is the origin of very small neutrino masses, and why the PMNS
mixing is so different from the CKM mixing?
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\3> where vgy ~ 246 GeV and A = sinf¢o ~ 0.224

o Why three families?

o Why the three families interact so differently with the Higgs?

o What is the origin of very small neutrino masses, and why the PMNS
mixing is so different from the CKM mixing?
= A theory of flavour is needed!
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Tri-hypercharge in a nutshell

SU3)c x SU(2) x U(1)y, x U(1)y, x U(1)y,
- SU(3)C X SU(2)L X U(l)Y1+Y2+Y3

Field SUB3). SUQ). U(l)y, U(l)y, U(l)y,

Q 3 2 1/6 0 0
u§ 3 1 —2/3 0 0
ds 3 1 1/3 0 0
Ly 1 2 ~-1/2 0 0
ef 1 1 1 0 0
@ 3 2 0 1/6 0
u§ 3 1 0 —-2/3 0
ds 3 1 0 1/3 0
Ly 1 2 0 ~1/2 0
es 1 1 0 1 0
Qs 3 2 0 0 1/6
u§ 3 1 0 0 -2/3
d§ 3 1 0 0 1/3
Ls 1 2 0 0 -1/2
e§ 1 1 0 0 1
H 1 2 0 0 -1/2
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SU(3)C X 5U(2)L X U(l)y1 X U(l)y2 X U(l)y3
— SU(3)C X SU(2)L X U(].)y1 LYo+ Y

Field SU(3)c SU(2). U(l)y, U(l)y, U()y, Field SU(3)c SU2). Ull)viiviivs
Q 3 2 1/6 0 0 Q 3 2 1/6
uf 3 1 -2/3 0 0 uf 3 1 2/3
df 3 1 1/3 0 0 df 3 1 1/3
Ly 1 2 ~1/2 0 0 Ly 1 2 1/2
ef 1 1 1 0 0 ef 1 1

Q2 3 2 0 1/6 0 Q2 3 2 1/6
us 3 1 0 -2/3 0 us 3 1 -2/3
ds 3 1 0 1/3 0 ds 3 1 1/3
Ly 1 2 0 —-1/2 0 Ly 1 2 1/2
e 1 1 0 1 0 es 1 1

Qs 3 2 0 0 1/6 Q3 3 2 1/6
ug 3 1 0 0 -2/3 u§ 3 1 2/3
ds 3 1 0 0 1/3 3 3 1 1/3
L3 1 2 0 0 -1/2 L3 1 2 1/2
5 1 1 0 0 1 5 1 1

H 1 2 0 0 -1/2 H 1 2 -1/2
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Tri-hypercharge in a nutshell

SU3)c x SU(2) x U(1)y, x U(1)y, x U(1)y,

o "Why three families?” Gauge anomalies cancel separately for each
family, as in the SM, but without family replication.
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Tri-hypercharge in a nutshell

SU3)c x SU(2) x U(1)y, x U(1)y, x U(1)y,

o "Why three families?” Gauge anomalies cancel separately for each
family, as in the SM, but without family replication.

o If H(1,2)(0,0,—1/2), then only third family Yukawa couplings are
allowed at renormalisable level (two doublets H,, Hy explain my, - /m;
hierarchy if large tan 53).
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SU(3)e x SU(2)1 x U(1)y, x U(1)y, x U(1)y, |

o "Why three families?” Gauge anomalies cancel separately for each
family, as in the SM, but without family replication.

o If H(1,2)(0,0,—1/2), then only third family Yukawa couplings are
allowed at renormalisable level (two doublets H,, Hy explain mp, - /m;
hierarchy if large tan 53).

o Light charged fermion masses and CKM mixing are naturally small
because they arise from non-renormalisable operators (involving the
scalar SM singlets breaking U(1)3, down to SM hypercharge).
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SU(3)e x SU(2)1 x U(1)y, x U(1)y, x U(1)y, |

o "Why three families?” Gauge anomalies cancel separately for each
family, as in the SM, but without family replication.

o If H(1,2)(0,0,—1/2), then only third family Yukawa couplings are
allowed at renormalisable level (two doublets H,, Hy explain mp, - /m;
hierarchy if large tan 53).

o Light charged fermion masses and CKM mixing are naturally small
because they arise from non-renormalisable operators (involving the
scalar SM singlets breaking U(1)3, down to SM hypercharge).

o Very interesting and non-standard neutrino sector; very rich
phenomenology if NP scales are low.
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Tri-hypercharge gauge theory

Minimal set of scalars and work in EFT framework (O(1) coefficients implicit)

(0,3,-3) (0,-%.3) (-3.%.0
023 ) ¢q23 ) ¢q12 .
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Minimal set of scalars and work in EFT framework (O(1) coefficients implicit)

(O7l’_l) (07 ) ) ( 1’ 0)
w2 Pq23 o8 ) P
¢q12¢£23//\ bqrodes /N bqrodgas /N uy
L=(Q Q ) ¢q12¢z23//\ Pe23/ $qo3/ N us | Hy
¢q12¢é23¢q23//\ ¢223¢q23//\ 1 us

¢q12¢z23//\ Gar2e3 /N daradeas /N [ df
+(@& Q@ @) ¢q12¢£23//\ o3/ Gq23/N ds | Ha

Parobas/ N a3/ N 1 ds
Gorafis /N Gorabens/N Goradeas/ N [ef

+ (L Lo Ls) | dqdes/N dus/A a3/ N e | Ho
D512073/ N Gias/ N 1 es

@ Naive power counting in the EFT already motivates natural mass hierarchies.
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Minimal set of scalars and work in EFT framework (O(1) coefficients implicit)

0,3,—3) (0,—¢,%) (—2:3:0)
w2 Pq23 o8 5 P12’ °
¢q12¢£23//\ 120023/ N bg1oPge3 /N uf
L=(Q Q ) q12¢>223//\ Pe23/ $qo3/ N us | Hy
¢q12¢223¢’q23//\ ¢223¢q23//\ 1 us

¢q12¢é23//\ Gar2e3 /N daradeas /N [ df
+(@& Q@ @) ¢q12¢z23//\ o3/ dq23 /N ds | Ha

Go12Paas/N* Ba3/ N 1 ds
Gorafis /N Gorabens/N Goradeas/ N [ef

+ (L L L) ¢g12?£23//\7 Peas/ N ez /N & | Ha
P23 /N° Bios/ N 1 &

@ Naive power counting in the EFT already motivates natural mass hierarchies.
0 (¢e23) and (Pq23) explain m2/msz and small CKM mixing
0 (¢gq12) crucial to explain mi/my and Cabibbo angle.

(Prs)  me 2 <¢7\23> ~ Vo N2 <¢7\12> ~ Vi ~ A,

A m:
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Minimal set of scalars and work in EFT framework (O(1) coefficients implicit)

0,3,—3) (0,—¢,%) (—2:3:0)
w2 Pq23 o8 5 P12’ °
¢q12¢£23//\ 120023/ N bg1oPge3 /N uf
L=(Q Q ) q12¢>223//\ Pe23/ $qo3/ N us | Hy
¢q12¢223¢’q23//\ ¢223¢q23//\ 1 us

¢q12¢é23//\ Gar2e3 /N daradeas /N [ df
+(@& Q@ @) ¢q12¢z23//\ o3/ dq23 /N ds | Ha

Go12Paas/N* Ba3/ N 1 ds
Gorafis /N Gorabens/N Goradeas/ N [ef

+ (L L L) ¢g12?£23//\7 Peas/ N ez /N & | Ha
P23 /N° Bios/ N 1 &

@ Naive power counting in the EFT already motivates natural mass hierarchies.
0 (¢e23) and (Pq23) explain m2/msz and small CKM mixing
0 (¢gq12) crucial to explain mi/my and Cabibbo angle.
(P23)  me 3 (¢q23) 2 (Pq12)
L~ — =L~ Vp =N, =L~ Vs = A,
A me =N A b A A
@ 2HDM helps with mp - /m; and ms ,/mc if large tan 3.
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(Pe23)

\Pea3) [ Me | §\3

A mt_ ’ A

2 ~
Vo ~ A2, A Vis ~ A,
A3 /uf s
A3 \? us | ==
X us V2
MOA% /df Vs
NoA) [as | 222
Ao1) \es) V2
X%\ [ef Vs
AN [es | PR
X1 e V2

o Largest VEV is (¢q12) ~ vio triggering U(1)y, x U(1)y, 25 U(1)v,1v,

Mario Ferniandez Navarro
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(Pe23)

\Pea3) [ Me | §\3

A mt_ ’ A

2 ~
Vip ~ A, A Vis ™ A,
A3 /uf s
o lus | =2
X us V2
AN [df Vs
NoA) [as | 222
Ao1) \es) V2
X8\ /ef Vs
AN [es | PR
X1 e V2

o Largest VEV is (¢q12) ~ via triggering U(1)y, x U(1)y, =% U(1)v,1 v,

@ Both 23-breaking VEVs trigger U(1)v,+v, X U(1)y; 2 U(1)yvi4vtvs
at the scale vo3, mild hierarchy vo3/vio & .
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(Ps) [ me s ) e (Ga2d oy

A me A ‘ A

XS A3 /uf
Cz(ul u2 U3) AA3 N2 us
XN us V2

VsSM

)\Z )\: /\z dlz 2 VsM
Flhod ) {20 S
)\Z )\2 )\2 elz 2 Vsm
+(a e ) ;\12 iﬁ >i :jc /\—\@.

o Largest VEV is (¢q12) ~ via triggering U(1)y, x U(1)y, =% U(1)v,1 v,

@ Both 23-breaking VEVs trigger U(1)v,+v, X U(1)y; 2 U(1)yvi4vtvs
at the scale vo3, mild hierarchy vo3/vio & A.

o Natural explanation of fermion mass hierarchies and CKM mixing!

@ Spurion analysis, texture zeros and more models in the paper/poster!
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Seesaw type | via full singlet neutrinos unnatural in the U(1)3, framework:

o e.g. introduce U(1)3, singlet N(1,1)( 0.0
= Ly D L3H,N + myNN
with LoH,N and L1 H,N forbidden by U(1)§‘/! (they could originate

from higher dimensional operators, but then neutrino mixing would be
naturally small)
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Seesaw type | via full singlet neutrinos unnatural in the U(1)3, framework:

o e.g. introduce U(1)3, singlet N(1,1)( 0.0
= Ly D L3H,N + myNN
with LoH,N and L1 H,N forbidden by U(1)§‘/! (they could originate
from higher dimensional operators, but then neutrino mixing would be

naturally small)

= unsuccessful PMNS mixing
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Seesaw type | via full singlet neutrinos unnatural in the U(1)3, framework:

o e.g. introduce U(1)3, singlet N(1,1)( 0.0
= Ly D L3H,N + myNN
with LoH,N and L1 H,N forbidden by U(1)§‘/! (they could originate
from higher dimensional operators, but then neutrino mixing would be

naturally small)

= unsuccessful PMNS mixing

@ Solution = Add RH neutrinos & /a tri-hypercharge N(1,1)(y, v, v;)
(with vanishing SM hypercharge Y1 + Y2 + Y3 =0).
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Seesaw mechanism a /a tri-hypercharge

11 11 _
o Consider adding Ngt);;;’ +) and ¢fj§;;’ 4), then (remember ¢>g’31/2’ 1/2))

1 - -
‘CNatm DA_(¢atmL2 + ¢atmL3)HuNatm + ¢£23NatmNatm s
atm
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Seesaw mechanism a /a tri-hypercharge

11 11 _
o Consider adding Na(b‘t);r‘li’ +) and ¢fj§;;’ 4), then (remember ¢§(2),31/2, 1/2))

1 - -
‘CNatm D_((Zﬁatml-2 + ¢atmL3)HuNatm + ¢E23NatmNatm y

Aatm
11 —(0,—
o But gauge anomalies via N;S;;’ 3 = add conjugate neutrino st’m R
_ 1 7 d)atm vl
£Natrn - (¢atmL2 + ¢atmL3)HuNatm + _L3HuNatm
Aatm Aatm

+ ¢€23 Natrn Natm + &623Natmﬁatm + MNacmNatm Natm )
Notice L3H, = (0,0, 0).
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Seesaw mechanism a /a tri-hypercharge

11 11 _
o Consider adding Ni‘t’;;}’ +) and ¢f§;;’ 4), then (remember ¢£(2),31/2, 1/2))

1 - -
‘CNatm D_((Zﬁatml-2 + ¢atmL3)HuNatm + ¢623NatmNatm y

Aatm
11 —(0,—
o But gauge anomalies via Né?;;’ 3 = add conjugate neutrino st;n R
_ 1 7 d)atm vl
ACNMm - (¢atmL2 + ¢atmL3)HuNatm + _L3HuNatm
Aatm Aatm

+ ¢€23 Natm Natm + &éQ?)NatmNatm + MNacmNatm Natm )

Notice L3H, = (0,0, 0).
o Add another RH neutrino and play the same game to obtain solar mixing.
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Consider adding N, N8 gng (1)(0’%’7%) then (remember qﬁzo /2 1/2))

©

atm atm
Lywm D T~ ——(PatmL2 + PatmL3)HuNatm + 123N Vo
o But gauge anomalies via Nf(l?;;l" D 5 add conjugate neutrino N(ﬁn:l“ v
Lt = (GatmLa + a3 HuNatan + 2 L H, N

Aatm atm

+ ()/23N;1T111N;1T111 + (“)1'23N;1T111N:1Tm + MNM“, N‘rl,fm Na‘rm 5

Notice L3H, = (0,0,0).

Add another RH neutrino and play the same game to obtain solar mixing.
Successful seesaw only if My < (¢/23) = RH neutrinos at scale (¢03),
which can be as low as TeV!

© ©

11 X 2
mo~| 1 1 1 |2
A

)\11 atm
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Wt et LEP

B ATLAS + CMS dilepton

W B, - B, mixing

W5,
Wb spp 20
b — spp 30

B EW parameter

2 4 6 8 10
MZ [TeV]

!
23
Very rich phenomenology if NP scales are low
o Flavour observables: meson-antimeson mixing, LFV, B-physics...
o LHC dilepton searches pp — Zj; — eTe™, utu~

o Inevitable Z — Z}; mixing = breaking of custodial symmetry = EWPOs
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Take home messages

5U(3)C X SU(2)L X U(].)y1 X U(l)y2 X U(].)y3

o Tri-hypercharge gauge group might be the first step towards
understanding the origin of three flavours, the hierarchical charged
fermion masses and CKM mixing.
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SU(3)e x SU(2)1 x U(1)y, x U(1)y, x U(1)y, |

o Tri-hypercharge gauge group might be the first step towards
understanding the origin of three flavours, the hierarchical charged
fermion masses and CKM mixing.

o If seesaw mechanism is implemented via adding RH neutrinos, the

U(1)3, setup leads to a low scale seesaw where RH neutrinos might
be as light as a few TeV.
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SU(3)e x SU(2)1 x U(1)y, x U(1)y, x U(1)y, |

o Tri-hypercharge gauge group might be the first step towards
understanding the origin of three flavours, the hierarchical charged
fermion masses and CKM mixing.

o If seesaw mechanism is implemented via adding RH neutrinos, the
U(1)3, setup leads to a low scale seesaw where RH neutrinos might
be as light as a few TeV.

o Rich phenomenology via Z’ bosons if NP scales are low: from
flavour-violating observables to LHC physics and EW precision
physics.
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SUB)e x SU(2)1 x U(1)y, x U(1)y, x U(1)y, |

Several questions still open:
o Gauge unification?
o Phase transitions in the early Universe? (multi-peaked GW?)

o Family decomposition of the remaining gauge symmetry: SU(3)3 and

SU(2); ?

o Why is the Higgs a third family particle? (is there a symmetry
relating the three families?)
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Take home messages

If you are interested on the origin of flavour, come to my poster!

Tri-hypercharge: a path to the origin of
flavour University of
HI DDeo Mario Fernandez Navarro' and Stephen F. King @Southampton
arXiv: 2305.07690

'M.F.Navarrogsoton. ac.uk

Flavour puzzle

Flavour sector can be parameterised in terms of A = 0.225 as M ABIIBM o TSESM L, tan@~l
I 7 et

o NS OB Xy~
m = om EoT andy~ 7

p 3
e X I X, sind~
Ve Vi "t

Why three families? Why the three familes interact so differently with the Higgs? What is the origin of very small neutrino masses, and why the PMNS mixing is so different from the CKM mixing?

Neutrino masses and mixing

E = U(2)" also in the neutrino sector = naive expectation is a heavier active neutrino with tiny mixing.
= Solution = Add SM singlet neutrins which carry /(1)}. charges (with vanishing SM hypercharge).
= I the singlet neutrinos carry U(1)} charges, gauge anomalies are an issue = vector-like netrinos

V1o W, e
vEyp Ly >—~"‘_.(a....lﬂ+c1....mn an + S Lo H N
ot + My N Notm o

Va3 S, g,

! P oy v
v Ly O3 (BerzL + 6 L:ﬁ:ﬂ’-n)"u/vml: Ay 3Nt

+ Gt Nt Voo + VotV + My, ViV
VSM Assume V= My = My, for simplicity, (912) ~ O(v12) and the rest (¢) ~ O(uz3), apply seesaw formula

R TH R

= My, S g required to describe PMNS mixing (singlet neutrinos at low scale 1-.1), then

l Lo 0l0j0 H.H, 1ra H.H,
' Gauge anomalies cancel separately for each family, as in the SM, but without family replication. il ool ol PR b il B oo
® If Higgs doublets only carry third family hypercharge, then only third family Yukawa couplings allowed at
renormalisable level. Type Il 2HDM helps with hierarchies between charged sectors. 20. Mild hierarchy vzy/v, A has introduced a small hierarchy in m,. If A/t > A then
Light charged fermion masses and CKM mixing are naturally small because they

3 SU()e x SUR)L x Uyisvssvs + Zia + Zia

X x x
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Hunting Invisibles: Dark sectors, Dark matter and Neutrinos
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Getting ready to apply the seesaw formula (neglecting O(1) coefficients)

— Nsol Natm
Nsot Natm -
- = Pe12 0
L| © 0 bl s
mp, = Hu , mp, = 750 Hu 3
el o B R =
b b
L3| 2 13 iatm L | P13 Patm
sol atm 3 Asol Natm
Nsol Natm Nsol Natm
ML = Nsol’ Psol 0 ~ V23]I2><2, MR ~ Nsol Psol 0 ~ V23]I2><2’
Ml 0 Nom| 7" g
Nsol Natm
Mg = NS(ﬂ’ Mn,., 0 ~ Myirlzx2,
Natm‘ 0 M’anm
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Backup: Neutrinos

Full neutrino mass matrix (remember M; = Mg = vaslox2,

14
M, = N
N
Nsol
L 0
mDL = L;’ 0
Ll

Mario Fernandez Navarro

v N N
0 mp,  mpg [ _ ( OT mp
mEL ML MLR - mp MN
m"gR ML Mg
_ N,
Natm Qef:l
Ly
0 — Asol
0 Hy, Mpp = Lo| %12
Patm sol
Natm L3| A

sol

Tri-hypercharge: a path to the origin of flavour
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/}atm

Aatm
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Full neutrino mass matrix (remember M, &= Mg = vasloxo, Mg &~ Myrlox2)

v N N
V| 0 mp, mpg _ 0 mp
M=% T =\ mf ™
Npmp o M Mg D N
T T
NomE o M Mg
N Nsor  Natm
Nsol Natm
L 0 0 Ly %22 0
— 1 — Asol
mp, = Lz‘ 0 0 Hu, Mpg = Ly ieu fatm Huy s
Ls| Pu13 Patm sol Natm
3 Asol Natm Ls| P13 atm
Asol Natm
Provided that mp < My, we can apply the seesaw formula
T
= “Imb = vz —Myy, mp, 1
my = mpMy~mp = ( mp, Mo )( -M v T )2 e
Vi 3 Mpe ) vz = Mgy
1
— T T ) T . T
B [mDLmDL va3 = mp, mpp Myi = mpgmp, MyL + mpemp, V23] V2 — M2

Mario Fernandez Navarro
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\ inos: Example of seesaw mechanism

Provided that mp < My, we can apply the seesaw formula

T

_ T vz —Myr, mp, 1
my, = mpM, "mpy = ( mp mp ( - -
v N D ( L R ) — My, Va3 ng V223 — M\2/L

1
T T T T
= [mDL Mp, V23 — Mp, Mpy My, — MDg Mp, Myy + MDr MDg V23] W '
23 = "YIvL

o Contributions proportional to My, do not provide a successful m,

0 0 x
mDngRM\/L"‘mDRmELM\/L:( 0 0 §>MVL,

X X
)V23.

X X X

X
X
X

X X X

T T
Mp, Mp,, V23 + mp, Mmp, Vo3 = (

Mario Fernandez Navarro
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Provided that mp < My, we can apply the seesaw formula

T
_ 1T _ vz —Myr, mp, 1
my, = mpM, "mpy = ( mp mp, ( - -
v DMy D ( L R ) _MVL Va3 m’ER V223 — M\z/L
1
_ T T T T
= [mDL mp, Vo3 — Mp, Mp, My 1, — mpg mp, My, + MmpeMp, V23] e
23 VL

o Contributions proportional to My, do not provide a successful m,

0 0 x
mDngRI\/IVL—FmDngL/\/IVL :( 2 2 i >MVLa

X X X
T T
Mp, Mp, V23 + Mp, Mp, Vo3 = < § >>§ § ) Vo3 .

My, < vo3 required to describe PMNS mixing = SM singlet neutrinos with
mass at the lower scale v»3
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Provided that mp < My, we can apply the seesaw formula

T
_ -1 T _ Va3 — My, mp 1
my, = mpM, "mj =( mp, mp, ( ) L ——5—
v DMy D ( L R ) — My, Vo3 mDR V223 M2 N

1
= [mDL mEL V23 — mp, mER My, — mpg mgL My, + mDRmER v23] vy
Vaz — My,
@ Myr1, < wo3 required to describe oscillation data. For simplicity we consider
My, < w3 (and vo3/vi> =~ A obtained in the charged fermion sector) and obtain
(neglecting O(1) coefficients)
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Provided that mp < My, we can apply the seesaw formula

T
_ -1 T _ Va3 — My, mp 1
my, = mpM, "mj =( mp, mp, ( ) L ——5—
v DMy D ( L R ) — My, Vo3 mDR V223 M2 N

1
= [mDL mEL V23 — mp, ng My, — mpg mgL My, + mDRmER v23] vy
Vaz — My,
@ Myr1, < wo3 required to describe oscillation data. For simplicity we consider
My, < w3 (and vo3/vi> =~ A obtained in the charged fermion sector) and obtain
(neglecting O(1) coefficients)

0 0 O 1 1 X
my~mogmbvat = (0 1 1 Jutete 11 ) )y et
1 1 A\

0 A2 A2A2

sol

0 If Augm/Asol = X then (remember (H,) = ven/V/2)

1 1 X V2
my, ~ 1 1 1 |ys-2M )
Al 1

scales Aatm = 10° TeV and va3 = O(1 TeV) provide enough suppression for
m, = O0(0.05eV). SM singlet neutrinos with mass at scale vps3.
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Model 2: RH mixing suppressed
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