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three generations of matter

interactions / force carriers

(fermions) (bosons)
The Standard MOdeI —2.1e.r.1el'.'.-c-' 1 xcl,iv —'?2.s:Ic;Ie'v'..'c-' 0 25.2 Gevic
e u C o ) g H
up | charm top I gluonJ higgs
° . =4.7 MeV/c .-.--?3.5 Me\V/ic .=“4.1 83 Gev/c?
The SM is a great theory. ‘a |-a 5 || @
_ _ . _ down | strange bottom ' | photon
* But... Flavor: while gauge sector is universal, Higgs —— N —
couples to fermions in a funny way: '®1'® |l ® || ®
electron muon tau x Z boson )
* Why hierarchically increasing masses of the families”?
. O Vo |- M || W
* Why hierarchical CKM but anarchic PMNS? neutrino | | neutrino | | neutrino | | W bosoN
» Also: Higgs hierarchy problem. k-
7
. S C b t
* A model to address these questions at once.
[UML, 2412.14243] s I -
& # &
103 102 10  10°  10' 102

Mass [GeV/c?]

VCKM ~ VPMNS ~

(For more exotic approaches, see Sokratis T.’s talk)
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Motivation (quarks)

Z D YWa Heu ij=12

A nm=1,273

AG, Gy H  uy + @7 HE yaug

Light Yukawas (Vub)

B < X

X X
X X >
- - U(3),, rotation

[Antusch, Greljo, Stefanek, Thomsen, 2311.09288]
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Motivation (quarks)

Z D YWa Heu ij=12

A nm=1,273

A H ul + g3 H yig

Light Yukawas (Vub)

B < X

X X
X X >
- - U(3),, rotation

[Antusch, Greljo, Stefanek, Thomsen, 2311.09288]
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Motivation (leptons)

oYl Hey i\j=12

/\ nm=1,273

A° /" Hep + yi" H g

Light Yukawas
X X H X X1 0
X X N ol B X 0

X X _ U(3), rotation

A
<L D Xm (L”ZHC)(HTL”Z‘C) ~ Anarchic PMNS

U
[Antusch, Greljo, Stefanek, Thomsen, 2311.09288]
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Motivation (leptons)

oYl Hey i\j=12

/\ nm=1,273

A® " Hep + v.Z; Hrg

Light Yukawas
X X H X X1 0
X X N ol B X 0

X X _ U(3), rotation

A
<L D Xm (L”ZHC)(HTL”Z‘C) ~ Anarchic PMNS

U
[Antusch, Greljo, Stefanek, Thomsen, 2311.09288]
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Motivation (quark & leptons)

Addressing flavor hierarchies can be effectively done

by NP differentiating among LH quarks doublets and
among RH charged leptons

[Antusch, Greljo, Stefanek, Thomsen, 2311.09288]
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Sym metries [Pati, Salam, PRD 10 (1 974); Li, Ma, PRL 47 (1 981)]
[Bordone, Cornella, Fuentes-Martin, Isidori, 1712.01368; Greljo, Stefanek, 1802.04274; Fernandez-
Navarro, King, 2305.07690; Davighi, Stefanek, 2305.16280; Davighi, Gosnay, Miller, Renner 2312.13346;
Capdevila, Crivellin, JML, Pokorski, 2401.00848; Covone, Davighi, Isidori, Pesut, 2407.10950, ...]

Get inspired by the idea of flavor deconstruction:

G, X G, X Gy X G, ﬂGlzx@xGUﬂGSMi

Left-right unification:

SU?2), x U(1), C SUQR), X U(1)p_, X SU?2),

_— /

A ____________________ A
Global approx. symm:  SU(2);; X SU(2);, X: U(I)B 7 X SU(Z)Rl X SU2)p,

Gauge symm: SUR2); i XSUQR);» X U(1)y X SU(2)p,
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Fermion arrangement

Site 1 Site 2
SUQ),| 4 4 4
IR ol el g =71
SUQ| o™ 4™ g
Ap 1 = App=—1
U(D)s_;

* Mixed anomalies: g = Z gn_; —qg_; # 0!
f~SUQ)x
* Witten anomaly: Odd number of doublets!
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Breaking sector

* \We need a sector breaking the UV gauge symmetry to the SM.

* Let'sdoitlike in QCD:
(@rar) ~ Aqcp fz = SUB), X SUB)g — SUQB)y,
* Add an hyper-QCD sector:
e Gauge group: SU(Nyy)

. Hyper-fermions: ¢, (C,00) ~ Ay fgz

[Fuentes-Martin, Stangl, 2004.11376;
Fuentes-Martin, JML, 2402.09507]
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Breaking and anomaly cancelation

(CPC) ~ Aye f7 = SUR) X SUQR), = SUQ),
(L) ~ Age f7 = SUQ)g X SUQR)g, = SUQR)R

Site 1 Site 2
1,2 1,2,3 L 3 L
SUQ),| 497 ¢ - 9 G
_______________________________________________________ Dp 1 =0¢ =0
2 3
SUQ| 7™ &Y fr G
Q[B—L:OE Ap 1 =0
If (B— L), = and Ny is odd = Anomaly-free
Nuc
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Symmetry-breaking pattern

(L)

( fR)) ~4 of SUM4), D SUR2); X SU2)p,
L

(L)
( fR)) ~ 4 of SU4), D SU2),, X SUQ2)
R

19y
SU4), x SU4), — SU4)y,

(15 broken generators)

15=1,1)+2x2,2)+(1,3)+ @3, 1)

of SU(2), X SU(2) )
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Symmetry-breaking pattern

(L)
( fR)) ~4 of SUM4), D SUR2); X SU2)p,
L

(L)
( > ) ~ 4 of SU4), D SU2),, X SUQ2)

(R)
R
(C18r)
SU@4), xSU4), — SU4)y,
(15 broken generators) W ﬂi»O ~ (1,3) 0
Eaten by new massive 0
Physical pNGBs gauge bosons gg_/ﬁ (1, 1)0
poTTTTTTTTTTTTREETETTTS ~ ~
5= D+2x kA S+ & B D
It's a 2ZHDM! l,,’ W;? and 2 7’
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New states t E

SU(3), X SU(Nyc)
X SU2)y, X U(1)y

Hyper-resonances

+~ 20TeV
Anomalous-looking _
flavor non-universal - A (£, Cr)
theory W, By, By £
H,, S +~1TeV
Flavor-universal theory - SUB3). xSUR2); x U(1)y
SM + H,?
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Yukawa couplings

* Partial compositeness: * Bilinears (a la technicolor):
Z D tpOr+q, O <L D gty Oy
qr.
------- H

IR

qr. CR

Oy =0, S
Ip CL
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Yukawa couplings

Op =007, PG

 Extended gauge addresses flavor hierarchies:

<

Site 1 Site 2
v, A 4R g g
SUQ)| xR kG

Third family (e.g. top):

(G 1R
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Yukawa couplings

Op =007, PG

 Extended gauge addresses flavor hierarchies:

<

Site 1 Site 2
v, A 4R g g
SUQ)| xR kG

Third family (e.g. top):

(G, 1))
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Light families (e.g. u):
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Yukawa couplings Oy = ER¢W, D¢ ®

 Extended gauge addresses flavor hierarchies:

Site 1 Site 2
sue)y,| @ o d L aw &
SUQR| T G G &
Third family (e.g. top): Light families (e.g. u):
L x (@) (22 ) CR R (R D)y
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Yukawa couplings Oy = ER¢W, D¢ ®

 Extended gauge addresses flavor hierarchies:

Site 1 Site 2
su),| @ ot g’ 4 &
SUQR| T %G R &
Third family (e.g. top): Light families (e.g. u):
L x (@) (22 ) CR R (R D)y
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Yukawa couplings

Op =007, PG

 Extended gauge addresses flavor hierarchies:

<

Site 1 Site 2
v, a4t e g
SUQ)| xR kG

Third family (e.g. top):

(G 1R
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Yukawa couplings Oy = ER¢W, D¢ ®

 Extended gauge addresses flavor hierarchies:

Site 1 Site 2
sue)y,| @ o d L aw &
SUQR| TR G R G
Third family (e.g. top): Light families (e.g. u):
Fx (@GR (P2 ) CR (R Dy
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Yukawa couplings Oy = ER¢W, D¢ ®

 Extended gauge addresses flavor hierarchies:

Site 1 Site 2
sue)y,| @ o d L aw &

---------------------------------------------------------------------------------------------------------------------------

<

Third family (e.g. top):

(G 1R
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Light families (e.g. u):
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Yukawa couplings

Op =007, PG

 Extended gauge addresses flavor hierarchies:

<

Site 1 Site 2
v, A 4R g g
SUQ)| xR kG

Third family (e.g. top):

(G 1R
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Light families (e.g. u):

(¢ %ﬂR)(f(LR)C f,R))(é;}R)C éL))
CKM & PMNS &




Higgs potential

1/}3 CIgR)
» Every breaking of SU(4), X SU4), P 1,V
contributes to the potential: ®
N, G,
V(Hl’ Hz, S) —  ====== fr===-=- + T
3
qr ' 1/1,3e
2 2
Amyg <0 Amg >0
 Benchmark for 4-fermion operators: ,
® ® , My — 12/ o0
tR\/CL UR Z: My, 4Ny (v?)
2
I > < m? = 2m3 ~ MV otev?)
: 4Ny
3 / \ (L) ¢® 3y,
q; Cr Ay ~ T 0.1 —0.2
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Some pheno:

Mixing angles between gauge and mass -
bases of massive vectors

> i — e in COMET

and Mu2e

i
=

Sin 6y, = g,/2.5 sin6, = g, /2.5

0.8 | | | — T 0.8 | '-- -'-T---I--
_ S ' JAna T.’s talk
0.7 S ) ; - 0.7¢ = o¥ -
_ L : S
06:— S E ,,E 06: 2 ',/ ]
| - , _ | § _
0.5 Qi N 0.5 N :
S EfR 2T < ol S
< =g O = 7 G :
= s 4 L - 5 04f S l
l| ] [ ,/ ‘\ ]
L 0.3] Vo
<QE:.> ql'n. il 02— ’¢"’ C]|'>‘\ -
P LS : J o)
El ST 01k [ 35 T I NN R
L b ' | | L Lo
4 5 10 1 3 4 5 10
Z — bb, T f(TeV)— Decay constant Z—=tt, T f(TeV) pp = ¢
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Conclusions

* We have presented a model that in a reasonably minimal
way addresses:

* Hierarchies of third family vs light families.
* Hierarchy of CKM vs anarchy of PMNS.

 The emergence of the Higgs as a composite and the breaking
of the EW symmetry.

* Rich pheno with interplay between LHC, EW and flavor.

» Future tests of the model from improvementsin y — e!

Thanks!
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The SM analogy

* Imagine a universe with:

° One famlly QCD resonances
* No Higgs )
n
P
Anomalous-looking
non chiral-universal -
theory /4
W=, Z
Chiral-universal theory -
et v
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)

SUB3),. X SU2); X U(l)y

+1GeV

(pug + dpdp) ~ Aoep f -

+ 100 MeV

U(1)gn

€R qr
— Massive if >< m,
€r qr

/7 Aocep



[Greljo, Thomsen, 2309.11547; Davighi,
Gosnay, Miller, Renner, 2312.13346;

LH suppression in leptons e e s

Light Yukawas
oYY Hel R o { )
N <oox X 3 S I
A¢ 7 Hel + €3 Hy'e! B N W/G), oo\ 0 0 T
A

Iy (CAHOYHE3) + A3 (CRHOH 1) + A, (LT HOY(H )

|
<L D —
A

1

I ~ A3 > A3, > A, > m, Im, < 60,; <1 = Hierarchical PMNS

— — X
- - X ij=1,2
X X B n,m=1,23
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Heavy Neutral Lepton

« The partner of 7y, 1/1% has a 7-size Yukawa. It should become a HNL:

Site 1 Site 2
1,2 1,2,3 L 3 L
suy,| a” aTd) L w &
3
SUQR| 9™ & ‘G
R v
1/13 5;3 ) ( 3
Uk, TR) o,
N, ~1 } myN; Uy
Ny C]ER) ML, 2412.14243]
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All representations

Field | SU(2)r1 | SUQ2)r1 | SU@2)z2 | SUR2)r2 || UQ)B-1 | SU(3). || SU(Nuc)
@ 1 1 2 1 1/6 3 1
q;° 2 1 1 1 1/6 3 1

g 1 2 1 1 1/6 3 1

0*° 2 1 1 1 ~1/2 1 1
e, 1 1 1 2 —1/2 1 1
0 1 2 1 1 ~1/2 1 1
o 2 1 1 1 1/2Nuc | 1
3 1 2 1 1 1/2Nuc | 1
(L) 1 1 2 1 1/2Nuc 1
¢y 1 1 1 2 1/2Ngc | 1
N 1 1 1 1 0 1 1

[JML, 2412.14243]
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Vector states Mixing angles 6, , Oy

l/_jL q3 %Cl ',' H
WZ ~ (1,3) v, v, " \/}\/\'::
1 T H
—g; tan 0, L g; cotl; qj —g;(cot; —tan 0;)
ms, = 2fg; csc26, 2

- (an O YLR 1 Yy
Moo = 2ng CSC ZQX V/gY X —Egy (COt HX — tan HX) Tgy (C()t QX — tan HX)
=+ y]% =+ '¢' H
%Iu ~ (19 1)+1 %Mi / 95’\}4\/\' L’
‘/\\ . o .
Mee = f gy Csc Oy gy Csc Oy gy csc by

[JML, 2412.14243]
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SU4), X SU(4), — SU@4), D SU2), X SU2),

|10, \SF 1, —i(H, +iH,)

. 2

Goldstone matrix: U = e’H/f, Il =— q
2 |i(H, +iH,)" A% 1,

/N

CP even CP odd

 Assuming CP conservation:

1 | A
V> EmSZSz +mp, | Hy |+ mj | Hy|* + im{, (H'H, — HIH,) + T | H |

(H,) x i{H,) = custecia

[UML, 2412.14243]
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Semisimple UV-completion

SUGB). X SUNye) X U(Dg_
T
|

SU(Nuc + 1)

&2
o,
Q.
)
=
>
=

)
=
>
X

SU(2) L2

o
=
>
oy
B

SU(

—
S’
i,
wn

| | et

N

BN

=

>

B~

p
bt (| e [N [ b [ e [ DN |
bt (]t DN R [N [ DN | e | e
Pt (DN | b [ [ [ e [ [ e | e
Pt ] | =R

b (] | DN | R | e || | [ e

[JML, 2412.14243]
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Alternative model

Site 1 Site 2
3 1,2,3 L 1,2 L
su),|  a 677 4 q,”
SUQR| & 4% & ‘" Gk
2
If (B — L), = and Ny is even = Anomaly-free
Nyc

[JML, 2412.14243]
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Alternative model

Field | SU(2)z1 | SU(2)r1 || SU2)r2 | SU@2)r2 | U(l)s-1 | SU@3)c | SU(Nuc)
q; 2 1 1 1 1/6 3 1
q;”° 1 1 2 1 1/6 3 1

g 1 2 1 1 1/6 3 1

0y*° 2 1 1 1 ~1/2 1 1
&, 1 2 1 1 —1/2 1 1
03 1 1 1 2 ~1/2 1 1
() 2 1 1 1 1/Nuc 1
) 1 2 1 1 1/Nuc 1
¢ 1 1 2 1 1/Nuc 1
¢ 1 1 1 2 1/Nuc 1
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