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

= SUB)e x SU@L % UDvirvaevs

Field SU3). SUR) Ul)y, UQ)y, UQ)y,
(@)] 3 2 1/6 0 0
uf 3 1 -2/3 0 0
ds 3 1 1/3 0 0
L 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
@3 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
& 1 1 0 0 1
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5U(3)C X 5U(2)L X U(].)y1 X U(].)y2 X U(l)y3
= SUB)e x SUR). x UD)visvarva

Field SU3). SUR) Ul)y, UQ)y, UQ)y, Field SUB3)e SUR)L UL)yviivaivs
o] 3 2 1/6 0 0 & 3 2 1/6
u§ 3 1 -2/3 0 0 u§ 3 1 -2/3
ds 3 1 1/3 0 0 ds 3 1 1/3
Ly 1 2 -1/2 0 0 L 1 2 -1/2
ef 1 1 1 0 0 ef 1 1 1
Q> 3 2 0 1/6 0 Q> 3 2 1/6
u§ 3 1 0 -2/3 0 u§ 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
es 1 1 0 1 0 e 1 1 1
@ 3 2 0 0 1/6 @ 3 2 1/6
u§ 3 1 0 0 -2/3 u§ 3 1 -2/3
d§ 3 1 0 0 1/3 d§ 3 1 1/3
Ls 1 2 0 0 -1/2 Ls 1 2 -1/2
& 1 1 0 0 1 e 1 1 1
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Tri-hypercharge in a nutshell

SU(3)e x SU(2) x U(1)y, x U(Q)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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5U(3)C X SU(2)L X U(].)y1 X U(l)y2 X U(l)y3

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.
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[SU(3)e x SUR)L x U(L)y, x U(D)y, x U(D)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.

o Light charged fermion masses and CKM mixing are naturally small
because they arise from non-renormalisable operators (involving the
high scale scalar SM singlet fields breaking U(1)3, down to SM
hypercharge, which act as a link between the different U(1)y,).
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Tri-hypercharge gauge theory

SU@B3)c x SU(2)L x U(1)y, x U(1)y, x U(Q)y,

o If H(1,2)(0,0,—1/2), then only third family Yukawa couplings are
allowed at renormalisable level,

Lien = ye@QHUS + yp Q3 HdS + y, L3He§ + h.c.
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Tri-hypercharge gauge theory

SU@B3)c x SU(2)L x U(1)y, x U(1)y, x U(Q)y,

o If H(1,2)(0,0,—1/2), then only third family Yukawa couplings are
allowed at renormalisable level,

Lyien = YtQ3FIU§ + }/bQ3Hd3C +YTL3He§ + h.c.

o The Yukawa couplings above preserve an accidental (J(2)° flavour
symmetry acting on the light families,

U(2)° = U(2)g x U(2)y x U(2)g x U(2)L x U(2)e .
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SU@B3)c x SU(2)L x U(1)y, x U(1)y, x U(Q)y,

o If H(1,2)(0,0,—1/2), then only third family Yukawa couplings are
allowed at renormalisable level,

Lren = _VtQ3FIU§ + }/bQ3Hd§ + yTL3He§ + h.c.

o The Yukawa couplings above preserve an accidental (J(2)° flavour
symmetry acting on the light families,

U(2)° = U(2)g x U(2)y x U(2)g x U(2)L x U(2)e.

o However, the hierarchies y;, /vy =~ 0.01 not explained = Consider
type Il 2HDM (could be enforced by either Z or supersymmetry)

Hu(laz)(o,o,%y Hd(172)(0,0—l) )

with tanf = v, /vy ~ 20.
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Tri-hypercharge gauge theory

SU@B3)c x SU(2)L x U(1)y, x U(1)y, x U(Q)y,

o Third family with O(1) renormalisable Yukawa couplings
Lren = Y+ QsHyus + ypQ3Hads + yrL3Hges + h.c.
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SU@B3)c x SU(2)L x U(1)y, x U(1)y, x U(Q)y,
o Third family with O(1) renormalisable Yukawa couplings

Lren = yrQ3Hyu3 + ypQ3Hads + y-L3Hges + h.c.

o High scale scalar SM singlet fields (hyperons ¢) breaking U(1)3, down
to SM hypercharge can provide light charged fermion masses at the
non-renormalisable level (small breaking of U(2)®).
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|SU3)e x SU2)L x U(1)y, x U(1)y, x U(1)y,

o Third family with O(1) renormalisable Yukawa couplings
£ren = }/tQ3HuU§ +YbQ3Hdd§ +YTL3Hde§ + h.c.

o High scale scalar SM singlet fields (hyperons ¢) breaking U(1)3, down
to SM hypercharge can provide light charged fermion masses at the
non-renormalisable level (small breaking of U(2)®).

o Similar mechanism as other non-universal gauge theories of flavour
(see talks by Joe Davighi and Javier Lizana).

0.008

Largest breaking
— o UQ),

<
S
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Tri-hypercharge gauge theory

2-step symmetry breaking

5U(3)c X 5U(2)[_ X U(l)y1 X U(l)y2 X U(l)y3
2 SU3)e x SUR)L x U vy, x U()y, + Z45
8 SU(3)e x SUQ)L x UMW) vigvars + Zos + 21

E
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2-step symmetry breaking

5U(3)C X 5U(2)L X U(].)y1 X U(].)y2 X U(].)y3
V_1§ SU(?’)C X SU(2)L X U(]')Y1+Y2 X U(]')Ya + 2{2
% SU3)e x SU@)L % U)yisvasys + 25 + Zi

o Dynamics at vip explain my/my. Gauge symmetry above
v12 explicitly breaks U(2)°

= Z|, potentially mediates 1-2 FCNCs (e.g. i — ev), but
it is heavier than Zi,.
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2-step symmetry breaking

[SU3)e x SU2)L x U(1)y, x U(1)y, x U(1)y,
V_1§ SU(3)C X SU(2)L X U(]')Y1+Y2 X U(l)Y3 + Z{Q
Z SU(3)e x SU)L x UL vitvorys + Zo3 + 71

o Dynamics at vip explain my/my. Gauge symmetry above
v12 explicitly breaks U(2)°

= Z|, potentially mediates 1-2 FCNCs (e.g. i — ev), but
it is heavier than Zi,.

o Dynamics at va3 explain my/ms3. Gauge symmetry
preserves U(2)°.

= Z; FCNCs suppressed by the approximate U(2)°
symmetry, can be as light as a few TeV.

Mario Fernandez Navarro Tri-hypercharge: a path to the origin of flavour




Charged fermions: spurion formalism

o A “spurion” is a fictitious, auxiliary field that can be used to parameterize
any symmetry breaking and to determine all operators invariant under the
symmetry (Wikipedia).
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o A “spurion” is a fictitious, auxiliary field that can be used to parameterize
any symmetry breaking and to determine all operators invariant under the
symmetry (Wikipedia).

o E.g. operator QH,us = (0,—3, %) forbidden by U(1)}, symmetry.
Introduce spurion carrying U(1)3, charges to construct an invariant operator
1 1
®(0, 5 5)02H us = (0,0,0).
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o A “spurion” is a fictitious, auxiliary field that can be used to parameterize
any symmetry breaking and to determine all operators invariant under the
symmetry (Wikipedia).

o E.g. operator QH,us = (0,—3, %) forbidden by U(1)}, symmetry.
Introduce spurion carrying U(l)?, charges to construct an invariant operator

11

(0, )QzH us = (0,0,0).

2’
o In an EFT framework, spurions can be matched to hyperons and high
cut-offs A of the EFT

1 1 (Ovlvil) (0
1 ¢ ;\ 29

Nl

)

QzHuU§ .

> r\jh—‘
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o A “spurion” is a fictitious, auxiliary field that can be used to parameterize
any symmetry breaking and to determine all operators invariant under the
symmetry (Wikipedia).

o E.g. operator QxH,uS =

0, —1, 1) forbidden by U(1)3, symmetry.
2:2 Y
Introduce spurion carrying U d

1

(1)3 charges to construct an invariant operator
1

(0, 5. —5)QHyus = (0,0,0).

2’

o In an EFT framework, spurions can be matched to hyperons and high
cut-offs A of the EFT

® =)= QM5 .
(Oa 27 2) /\ = /\ QZ uu2
o If (p(%2:72)) /A = A3 where \ = sinflc = 0.223, then
(071’_1)
O Qa5 = V@b
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o A “spurion” is a fictitious, auxiliary field that can be used to parameterize
any symmetry breaking and to determine all operators invariant under the
symmetry (Wikipedia).

o E.g. operator QH,us = (0 ,f% %) forbidden by U(1)3, symmetry.
Introduce spurion carrying U(1)3, charges to construct an invariant operator

11

(0, 5. —5)QHyus = (0,0,0).

2’

o In an EFT framework, spurions can be matched to hyperons and high
cut-offs A of the EFT

= — Q2HUU§.

1307 3)
————— QHuus = N QHyuS

o Repeat this process systematically for all charged fermion masses.
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Charged fermions: spurion formalism

¢(§7 ’ %) ¢( éagv_%) 0(—%70 3 uf
L= (Ql Q2 Q3) ¢(31 7 %) ¢(07 20 %) d)(ov_%v%) Ug H”
C
¢(37 3) ¢(0737 3) 1 U3

q)(*%zové) <I>(_ ) 37;) d’(_%’o’%) d¢
(@ @ @)fo-1-t1) o0 -1 o0 -1 [d]Hd
[
*(-3.0.3)  *0,-3.3) 1 %
¢(_77 75) ¢(;7_17;) d)(% 0 %) elc
+(L Ly L) | o(-1,1, 1) o -11) @01 -1)| e | Hs +he,
®(—1,0,1) &(0,—-1,1) 1 &5
in the EFT framework (neglecting O(1) dimensionless coefficients)
_ $1Pn
T ALAN
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®(5.0.-1)  o(=1,2,-1) o(-10. 1)\ /ye
L=(Q @ Q)|o3,-L-5) o0i-b o0 L] u]H
8(2.0,-2)  (0,2,-2) 1 &
)

(3,0 6732 050\ [
+ (@& Q@ Q)| o(—3,-33) ©0,-3,3) ©0 -} ) (d§> Hq
) ) 1 ds

(3,03
S(-5.0.0) ®(3,-1,3) @50 2)\ fef
+ (L Lo L3) [&(-1,3,3) @0,-3,3) @0,3,-3) (e§> Hy +h.c.,
®(—1,0,1) &(0,—-1,1) 1 5
in the EFT framework (neglecting O(1) dimensionless coefficients)
o _ Pron
A Ay

Assuming all A;(s) to be universal
@ Similar my/ms hierarchy in all charged sectors (same for m;/m3) = 2HDM also

motivated for ms ,,/mc hierarchy
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®(5.0.-1)  o(=1,2,-1) o(-10. 1)\ /ye
L=(Q @ Q)|o3,-L-5) o0i-b o0 L] u]H
8(2.0,-2)  (0,2,-2) 1 &
)

2
3 3 30
1 1 11 1 1
O2.0.0) O(=5—3:3) ®(5.0.6)\ fde
(@ Q@ Q) [o(—3,-%3) 20,-53) 0. ;0| [d5|Ha
q)(_%zo’%) q)(o’_%’%) 1 d3c
+ (L L L) |o(-1,3,3) o0-%3) @031 -3)| (e | Hs +he.,
®(—1,0,1) &(0,—-1,1) 1 5
in the EFT framework (neglecting O(1) dimensionless coefficients)
o Prdw
A Ay

Assuming all A;(s) to be universal
@ Similar my/ms hierarchy in all charged sectors (same for m;/m3) = 2HDM also

motivated for ms ,,/mc hierarchy
@ . — 71 mixing connected to the hierarchy m»/ms ~ 23 Similarly ¢, — 7, mixing

connected to my /ms ~ \°.
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L=( Q@ Q)|o2,-L-13) o0 -1 o0 -] |u]|H
C
¢(%707_%) ¢(O7%7_%) 1 Ys
®(-5.0.5)  ®(—g-3.3) ©(-5.0.9)\ fdr
(@ Q@ Q) [o(—3,-%3) 20,-53) 0. ;0| [d5|Ha
C
o(-1,01) o0 -11 1 ds
D(-1.0.0) &3,-1,3) (101 e
+ (L L L) |o(-1,3,3) o0-%3) @031 -3)| (e | Hs +he.,
®(—1,0,1) &(0,—-1,1) 1 5
in the EFT framework (neglecting O(1) dimensionless coefficients)
¢:¢1...¢N
A Ay

Assuming all A;(s) to be universal
@ Similar my/ms hierarchy in all charged sectors (same for m;/m3) = 2HDM also

motivated for ms ,,/mc hierarchy
@ . — 71 mixing connected to the hierarchy m»/ms ~ 23 Similarly ¢, — 7, mixing

connected to my /ms ~ \°.
@ Alignment of V., and V,;, depends on dimensionless coefficients. Alignment of Vs

is model-dependent.
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Simplest example model: promote spurions to hyperons and assume one EFT cut-off A
(neglecting O(1) coefficients)

(2.0,-1) (-101) .
s Diis /A 10 : bq13 o /A uy
L =(Q & &) 0 22’35*75)//\ @202’375‘5)/A ug H.
0 0 1 s
—1o0,1 (_ly_l’l) l‘o_’l)
Doy TN Sgin 1312 /N Pqr3° ) ? /A dlz
+(Q @ @) 0 d")g»a—évé)//\ O;g~3*5-5>//\ d2c Hy
0 0 1 d3
7(=3.0.3) 3.0-3)
Gt N ( ?1) ()éBl 1)//\ elz
0,11 01,1
+ (L L Ls) 0 S T Hy
0 0 1 €

© Each hyperon ¢ above develops an arbitrary VEV breaking U(1)3.
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Simplest example model: promote spurions to hyperons and assume one EFT cut-off A
(neglecting O(1) coefficients)

(3.0.-3) /0 0 (ko) 0 .
d<5 MUE / 0.l 1 ()q013 11 / ui
L =(Q & &) 0 2235*75)//\ 65572‘376‘6)//\ uj H.
0 0 1 s
~( /l_owl) (_l,_l l) (,l\gyl) c
O IN D Gy 1312 /N ()q136 ) ? /A d
+(Q @ @) 0 d”)g;évé)//\ 0202‘3*5-&//\ d2c Hy
0 0 1 d3
7(=3:0,3) (3.0.—3) c
Pp13” /N ?1 ”1131 . /N €
I R LN Y B O
0 0 1 €

© Each hyperon ¢ above develops an arbitrary VEV breaking U(1)3.

@ We have the freedom to choose the ratios (¢) /A in order to explain charged
fermion masses and CKM mixing.
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Ratios (¢) /A fixed as powers of the Wolfenstein parameter A = sinfc ~ 0.224
A0 N uf |,
£d§5 = (ul u U3) 0 A\ U:2; %

2 VSM

+(dh o d3) 0 A\ )2 dzc )\W

2 VSM

0 A X s | AT——.
+(a e e) ez N

@ Whithin the limitations of the EFT framework, we obtain a good description of
charged fermion masses and CKM mixing.
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Ratios (¢) /A fixed as powers of the Wolfenstein parameter A = sinfc ~ 0.224

A0 N uf |,

Edgsz(ul u> U3) 0 N us YsM
o o 1) \u) V2

A0 N\ [df y
+(dh b ds) [0 NN ds | A2 32X
o o 1) \&) V2

A0 A%\ [ef

2 VsM

+(a e e)[f0 N N es | M ==
0 0 1 €3 \/i

@ Whithin the limitations of the EFT framework, we obtain a good description of
charged fermion masses and CKM mixing.
o However, no ¢§;’_q’0) hyperon breaking U(1)y, x U(1)y, 23 U(1)y,+v, at a high
scale vi2 is specified.
191 11
@ Moreover, unexplained large hierarchy of VEVs (osl’éo' ’)'}/( 5232 2)) ~ X3, where
both hyperons participate in 23 breaking U(1)v,+v, X U(1)y; 2 U(1)vi4vptvs-
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Charged fermions: Minimal model with 3 hyperons

Introduce the minimal set of hyperons (O(1) coefficients for each entry are implicit)

(0,1,-1) ¢(0,—%,%)

(—2:8:0)
023 ’ q23 ) ¢ .

ql2
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Charged fermions: Minimal model with 3 hyperons

Introduce the minimal set of hyperons (O(1) coefficients for each entry are implicit)
0,1 -1 0, —11g9
¢§232 2)7 ¢E;23 o 6)7 ¢£7126 ° )-
¢q12¢£23//\4 120023/ N2 DgroPg3 ) N2 u§
L=(Q1 Q@ Q)| Cindn/N bes /A bq3 /N us | Hu
Da120e230q3 /N bexsdaas /N 1 us

¢q12¢£23//\ ¢q12¢£23//\2 ¢Jq12¢q23//\2 df
+ (@& Q@ @) | odes/N beas/ N g3/ N ds
Doz /N D3 [N 1 ds
¢<3712<é423 JA* ¢313 beas /N Dlabeas /A ef
+ (L L L3) | &5hes/N G2z /N b3/ N Hy ,
D100%03 /N Doz /N 1

e
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Introduce the minimal set of hyperons (O(1) coefficients for each entry are implicit)

455;2}%’_%) ’ @202-3*%%) 7 ()5712%%-0)
Garodeas /N Gqrodes /N bgrodgas /N uf
L= (Ql @ Qa) (32129251%23//\5 Doz /N b3/ N us | Hy
Ga20e230q23 /N Prazbgos /N2 1 us
()312<Z~5£23//\4 f>q12<l~5£23 IN? D /N2 df
+ (@ @ @) | 0 /N s/ Gars /N ds | Ha
(')212 6)3723 //\4 65323 //\2 1 ds
(7’312(27@23 //\4 <5312@23 //\4 5312 D23 //\4 ef
+ (L L L) Ugmd;zzs//\? beas/N ooz /N e | Hq,
0?;12%23 /A8 %23 //\2 1 es

@ Second family masses and V., arise at dimension 5.
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Introduce the minimal set of hyperons (O(1) coefficients for each entry are implicit)

¢E€2§%’_%) ) (‘»)5;02-37;%) ) “5712%%.0)
(5312¢£23/A4 Ga120023 /N2 Daiodgos /N2 uf
L= (Ql Q2 Q3) C>f712 9251’.23//\5 d)ggg//\ ©q23 //\ u2C Hu
Ga20e230q23 /N Prazbgos /N2 1 us
D213/ N* Dg1obeos /N bgiodaas/ NP\ [ df
+ (Ql @ Q3) 03712@23//\3 Qze23//\ O3/ ds | Hy
(')212 03723 //\4 6)323 //\2 1 d;
(7’312(27(23 //\4 ;)312(1;@23 //\4 <3312 D23 //\4 ef
+ (Ll L L3) <)212¢~>£23//\7 5@23//\ De23 /N e | Ha,
0?,12(72523 /N Ghas /N 1 e

@ Second family masses and V., arise at dimension 5.
@ V,p at dimension 6 and first family masses at dimension 8.
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Introduce the minimal set of hyperons (O(1) coefficients for each entry are implicit)

(0,3,—3) (0,—2,3) (1,10
bps” s Pg23 e, P2’ "
(}312¢£23/A4 Ga120023 /N2 Daiodgos /N2 uf
L=(Q Q@ Q)| 050m/N b3/ o/ us | Ha
Da120e23hq3 /N 3oz /N 1 us
()312<2:5e23//\4 ()(,13(]2523//\2 Dg1ohga3 /N2 df
+ (@& Q@ @) | odes/N G/ N bgos /N d; | Ha
(')212 03723 //\4 0323 //\2 1 ds
0312(1:?&3 //\4 8?713(1;@23 //\4 <3?712 ¢£23 //\4 elc
+(L1 L, L3) {)2lgd~>£23//\7 525@23//\ doaz /N & | Ha,
09100703 | N2 B3/ N 1 €

@ Second family masses and V., arise at dimension 5.
@ V,» at dimension 6 and first family masses at dimension 8.
@ RH fermion mixing generally suppressed.
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Introduce the minimal set of hyperons (O(1) coefficients for each entry are implicit)

(0,3,—3) 0,—%.2) (—%.8:0)
O bgaz s P2
(}312@23//\4 Ga120023 /N2 Daiodgos /N2 uf
L= (Ql @ Qa) ~C>ﬁ,12¢ez~3//\5 ¢£33/A b3/ N us | Hy
0212‘1’2230(723//\6 i3 b3 /N2 1 us
f)?,|zq:5@23//\4 (>q1~2q~5z23//\2 bag12¢q23 /N df
+ (@& Q@ @) | odes/N G/ N bgos /N d; | Ha
(’)3712 (.73723 //\4 C)323 //\2 1 d?f
<"§712<Z:5é23 //\4 ;)313(5@23 //\4 ;)312 ¢£23 //\4 ef
+ (L L L) !)213@23//\7 Pr23 /N ooz /N e | Hq,
“?,u(]ﬁm /A8 ¢?23 //\2 1 e3c

@ Second family masses and V., arise at dimension 5.

@ V,» at dimension 6 and first family masses at dimension 8.
@ RH fermion mixing generally suppressed.

o Fixing ratios (¢) /A from data

<¢f\23> N % ~ <<>;z\23> Vi A2 <0;7\12> ~ Vs ~ A,
t
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Charged fermions: Minimal model with 3 hyperons

Introduce the minimal set of hyperons

PN
T(di b ds) [N N A2 VM

PN
+(e1 & e A% A3 C )\ZVS—M.
( h ) ()\12 26 \/E

o Largest VEV is (0,15) & vip triggering U(1)y, x U(1)y, 3 U(1)v,1v,.
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Introduce the minimal set of hyperons

01,1 (0.~} (-1.1,
<¢2232 2)> o Me s (D23 ) 2 (Do )
A me ’ A

2SN\ ef
+le e e) [ A N N e | N2k
o) \es) V2

o Largest VEV is (¢dg10) &~ via triggering U(1)y, x U(1)y, 3 U(1)y, v,
O Both 23-breaking VEVs at the same scale v»3, mild hierarchy va3/vi2 = A.
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Introduce the minimal set of hyperons

0,1,-3 (0,—%.¢) (—%:8:0
<¢2232 2)> mc ~ )3 <Oq23 . ~ )2 <”qlz ©) A
TA Tm SN TR s Vet
Xt N3 uf y
£:(u1 up U3) AN N2 us SM
2NN 1) \us) V2
XAt A3\ [df
VsSM

+(di & ds) [N NP N[ d5 | N
A 1) \ds 2
ASN8 A0\ [ef

+ (a1 & e AN N8 es | 222X

( e <) V2

o Largest VEV is (¢dg10) &~ via triggering U(1)y, x U(1)y, 3 U(1)y, v,

O Both 23-breaking VEVs at the same scale v»3, mild hierarchy va3/vi2 = A.

o Alignment of Vs not specified, plus large RH mixing s%8 ~ O(X?) = This model
is minimally modified to predict V,s from down sector and suppressed sif ~ O(\°)
(in the paper!).
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Spurions for the Weinberg operator (carrying M~! dimension)

¢(1707_1) ¢(2527 1) ¢(2,0 _%) Ll
LWeinberg = (Ll I—2 L3) q)(%, %7 _}) ¢(O 1 _]1.) d)(o, 5y 7% L2 H,H, s
q)(z,O,—i) ¢(07 27 5) 1 L3

@ U(2)® is present in the neutrino sector = naive expectation is a heavier
active neutrino with tiny mixing with the others.
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Spurions for the Weinberg operator (carrying M~! dimension)

¢(1707_1) ¢(2527 1) ¢(250 _%) Ll
LWeinberg = (Ll I—2 L3) q)(%, %7 _::ll) ¢(O 1 _]1.) <D(O, 5y 7% L2 H,H, s
q)(z,O,—i) ¢(0, 27 5) 1 L3

@ U(2)® is present in the neutrino sector = naive expectation is a heavier
active neutrino with tiny mixing with the others.

o E.g. introduce U(1)} singlet N(1,1)0,0,0= Ln D LsH,N + myNN with
LoH,N small as it originates from higher dimensional operators =
unsuccesfull atmospheric mixing
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Spurions for the Weinberg operator (carrying M~! dimension)

¢(1707_1) ¢(2527 1) ¢(250 _%)
LWeinberg = (Ll I—2 L3) q)(%, %7 _::ll) ¢(O 1 _]1.) <D(O, 5y 7% H,H, s
q)(z,O,—i) ¢(0, 27 5) 1 L3

@ U(2)® is present in the neutrino sector = naive expectation is a heavier
active neutrino with tiny mixing with the others.

o E.g. introduce U(1)} singlet N(1,1)0,0,0= Ln D LsH,N + myNN with
LoH,N small as it originates from higher dimensional operators =
unsuccesfull atmospheric mixing

@ Solution = Add SM singlet neutrinos which carry U(1)3, charges (with
vanishing SM hypercharge Y1 + Y2 + Y3 =0).
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Seesaw mechanism a /a tri-hypercharge

o Consider adding N5 ang ¢(0,§,—§), then (remember ¢Ejg,31/2,—1/2))

atm atm

1 ~ -
£Natm Dﬁ(qbatmlﬂ + ¢atmL3)HuNatm + 0023 Natm Nagm
atm
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Seesaw mechanism a /a tri-hypercharge

o Consider adding N5 5ng ¢(0,§,—§), then (remember ¢£g’31/2’_1/2))

atm atm

1 ~ -
‘CNatm D_(d)antml-2 + ¢atmL3)HuNatm + 0023 Natm Nagm

Aatm
11
o However, gauge anomalies via N;ES;I‘;’ ) =-introduce conjugate neutrino
+7(0,—1/4,1/4)
Natm
_ 1 7 d)atm N
‘CNatm = (d)atmLZ + ¢atmL3)HuNatm + L3H,Naim
Aatm Aatm

+ ¢é23 Natm Na,trn + &523Natmﬁatm + MNaCmNatm Natm )

Notice L3H, = (0,0, 0).
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Seesaw mechanism a /a tri-hypercharge

o Play the same game to obtain solar mixing

N(4a4’ 2) N( 4> 472) ¢( 2> 2’) (;ZS(%é_%’O) ¢(I3%v_%a%),

sol sol ’ sol

LNsol _/\ (¢el2L1 + ¢e12L2 + ¢u13L3)H Neos + ?\Vlfv

+ ¢sol Nsol Nsol + (bsoleoleol + MNsol Nsoleol )

L3 H Nsol
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Seesaw mechanism a /a tri-hypercharge

o Assume My, ~ My, = My, for simplicity, {(¢e12) = O(vi2) and the rest
(¢) =~ O(va3), apply seesaw formula

0 0 x X X X 1
m,,:mDM,leE: 0 0 x |MvL+ | x x X Jvs| 5—=m5—.
vis — My,
X X X X X X
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Seesaw mechanism a /a tri-hypercharge

o Assume My, ~ My, = My, for simplicity, {(¢e12) = O(vi2) and the rest
(¢) =~ O(va3), apply seesaw formula

0 0 x X X X 1
m, = mpMy*mp = 0 0 x |MvL+ | x x X Jvs| 5—=m5—.
vis — My,
X X X X X X

0 My, < vas required to describe PMNS mixing = SM singlet neutrinos with
mass at the lower scale v»3.
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o Assume My, ~ My, = My, for simplicity, {(¢e12) = O(vi2) and the rest
(¢) =~ O(va3), apply seesaw formula

0 0 x X X X 1
m, = mpMy"mp = 0 0 x |MvL+| x X X |v3|——775-
vis — Mg
X X X X X X

0 My1 < w3 required to describe PMNS mixing = SM singlet neutrinos with
mass at the lower scale v»3.

o Finally, up to dimensionless coefficients

2
Vam

/\2

atm

1 1 A
m, ~ 1 1 1 Vo3
Al 01

the texture above can reproduce best fit PMNS mixing (NuFit 5.1) with
O(1) coefficients. If vo3 ~ O(TeV) then Ay ~ O(10° TeV).
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—g sin 0 0

Lz, =Yy, n¥r.r7" ( 0 g2costrz 0 ) YL.RZ 125
0 0 0

91

NCET

sinf, =

10 20 30 40
My [TeV]

@ Z{, with intrinsical flavour non-universal couplings, breaking explicitly U(2)°.
Flavour-violating couplings arise from CKM and charged lepton mixing.
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- —g sin 0 0
Lz, =Yy, n¥r 7" 0 gacostis 0 | Y rZ1g,,
0 0 0

9 =02 =95 = V3gy o

NCET

sinf, =

10 20 30 40
My [TeV]

@ Z{, with intrinsical flavour non-universal couplings, breaking explicitly U(2)°.
Flavour-violating couplings arise from CKM and charged lepton mixing.

© K — K mixing most constraining, but depends on alignment of V,s and dg — sg

mixing (model-dependent). We find Mz, = 20 TeV for some models in the paper
(worst case scenario Mz > 300 TeV).
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W B, - B, mixing

_ —g12sin a3 0 0
Lz, =Yy, o1 7" 0 —g128infa3 0 V1,23,
0

0 g3 cos fa3
LY
Wb spp 20
b spp 30
B EW parameter sinfyy = —— N2
V9t +93
gy = 91203 gy = 102
gy = ———, 12 = o,
Vot + 03 Vi +ai
vag
V12

2 4 6 8 10
]\42;3 [TeV]
@ LHC dilepton searches pp — Z3; — eTe™, "~ exclude light Z3; due to large
couplings to light quarks and leptons. Flavour observables usually not competitive.
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_ —g12sin a3 0 0
B ATLAS + CMS dileptc LZ;] - wa‘R,’/,LYRAru 0 —g12 510 03 0 wL,Rzéz,‘
B B, - B, mixing 0 0 g3 cos fa3
B
Wb spup 20
b— spp 30
B EW parameter sinfyy = —— N2
/2 2
9i2 T 93
gy = 9120 Jp = 192
gy = ———, 12 = o,
Vot + 03 Vi +ai
V23
V12

2 4 6 8 10
]\42;3 [TeV]
@ LHC dilepton searches pp — Z3; — eTe™, "~ exclude light Z3; due to large

couplings to light quarks and leptons. Flavour observables usually not competitive.
O Z — ZJ; mixing connected to g3. Small shift on the mass of Z = p EW parameter larger

than 1
0 2 2
cosb: M M 1
sinf,_ _ _83c0s0a3 OZ =p=— w _ s> 1,
23 /g‘z( + gE MZ’ M3 cos? Oy v

23 _ g2 2 SM.

1 — g3 cos® 023 mo,—

23
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o “Deconstructed hypercharge” Davighi and Stefanek [2305.16280]

81283
SU3)exSU2)1xU(1) vy +v, X U(1)y, 8Y = (= = 812:83 > 8y .
Veh+e;

o UV complete model and study of naturalness: EWPOs global fit and 95%
CL bound with m$i (solid dashed line), preferred region with miis™ (blue
region). Green region can explain m./m; in their particular UV completion.
Solid black line are LHC limits (see talk by Joe Davighi)

1.0 -

Present
f=15TeV

0.8F

912/93
>

tanf =

0.0

My [TeV]
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Take home messages

5U(3)C X 5U(2)[_ X U(].)y1 X U(].)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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5U(3)C X SU(Q)L X U(].)y1 X U(].)y2 X U(l)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.

o If seesaw mechanism is implemented via adding SM singlet neutrinos,
the U(1)3, setup leads to a low scale seesaw where SM singlet
neutrinos might be as light as a few TeV.
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SU(3)C X SU(Q)L X U(].)y1 X U(].)y2 X U(l)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.

o If seesaw mechanism is implemented via adding SM singlet neutrinos,
the U(1)3, setup leads to a low scale seesaw where SM singlet
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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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
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Natm

fatm

/}atm

Aatm

Mg =~ MyrIox?2)

Hu,




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
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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 = (
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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

©0i-4

©0.-%.% (-

l,o,l) (— ’_l’l) (1‘_1‘0)
b3 , bg3 , bqs® * ba® 2% by *
?21243&3 bq13bg3des  bqi3 ui
L=(Q Q Q)¢ $q13%9q23P023 023 bq23 | |3 | Hu
Pe120Pq13P023 $1230q23 1 u3
¢§1243£23 bd12 Pq13 df
(@ @ Q)| Pq3bes  bes bes | | dy | Ha
¢'¢2;13 45223 1 3
¢:5§12<l§423 ¢§124-5223 B2120023 ei
+(L L L)|eé 126423 be2 o3 & | Ha-
Pe12P23 P23 1 e
(be23) _ ($a3) 3 (Pa3) _ 2 (P41 4 (erd)
A A AT A AT
A5 a8 N3\ fuf
L=(u w uy) A0 3 N2 U% M
ATAS i) V2
A5t A3 [df
+(d dr dy) | A8 N3 A2 d% A2sM
A1 d3 V2
A5 A5 A [ef
+a e e[ AT A a3 e]é A2YSM
A0 N6 g e V2
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