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4321 symmetry breaking and EWSB: Parallels

U(l)y [Fuentes-Martin, Stangl 2004.11376]
| (€2 515) ~ O(TeV)
SU@), X SU@B), x SUR2); X U(1),,p — » SU3),xSUR2);, xU(l)y
g U(3)c In the limit of vanishing gauge and Yukawa couplings:
SM Higgs Sector 4321 Models
Global NI
X SU(2 : SU4), x SU4
i, QX SUQ)y (4), % SU@),
PASEREN PEEREN
Gauge ‘oo’ ‘oo’
symmetry SUQR), X U(1)g . U, xSUB), X SU4),
Left-handed Right-handed Light Heavy
fermions fermions fermions fermions
Global SSB SUQ)y SU@A)p
Gauge SSB Ul)y Ull)g_; XSUQ3).
Goldstones 3 (3 eaten) 15 (15 eaten)

Ben A. Stefanek | Flavor hierarchies, flavor anomalies, and the Higgs mass from a warped extra dimension


https://arxiv.org/abs/2004.11376

4321 symmetry breaking and

U(ly

SU4), x SU3), x SUQ2); x U(1), p

EWSB: Parallels

[Fuentes-Martin, Stangl 2004.11376]

| (Q)3,5) ~ O(TeV)

> SUB), x SUQ), X U(1),

G’ he two sites are connected by the gauging!D

SUG),
SM Higgs Sector 4321 Models
Global SU2), X SU(2 SU(4), x SU(4
e (2), X SUQ) (4), X SU),
@ y N ; 1,3\: ¥ @
Gauge Seee Uy, St
symmetry SU2), X U, U(l),x SUQ3), X SU4),
Left-handed Right-handed Light Heavy
fermions fermions fermions fermions
Global SSB SUQ)y SU@)p
Gauge SSB U(1)e, X SU(3),.
Goldstones 3 (W,2) ' 15 (U,,G,Z)

Ben A. Stefanek | Flavor hierarchies, flavor anomalies, and the Higgs mass from a warped extra dimension


https://arxiv.org/abs/2004.11376

4321 + pNGB Higgs: The Composite Blueprint -

Global symmetry G global = SUA), X SU(4); X SO(5)
Gauge symmetry G gange = SUA), X SUB) X SUR2), X U(1) 1 | (4321 gauged)
[Fuentes-Martin, Stangl, 2004.11376] [Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]

Ben A. Stefanek | Flavor hierarchies, flavor anomalies, and the Higgs mass from a warped extra dimension


https://arxiv.org/abs/2004.11376
https://arxiv.org/abs/2203.01952

4321 + pNGB Higgs: The Composite Blueprint -

“Minimal Composite SO(5) - SO4) = SUR); X SUR2)r + 4 NGBs  [Agashe, Contino, Pomarol,
Higgs (MCHM)” ) hep-ph/0412089]
[4ANGBs ~4 or (2,2) «— H]

Global symmetry G global = SU4), X SU(4), X SO(S) (4, X 4, x MCHM)
Gauge symmetry G gange = SUA), X SUB) X SUR2), X U(1) 1 | (4321 gauged)
[Fuentes-Martin, Stangl, 2004.11376] [Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]
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4321 + pNGB Higgs: The Composite Blueprint -

hep-ph/0412089]

(Minimal Composita SO(5) = SO(4) = SUQ2), x SU(2)g + 4NGBs  [Agashe, Contino, Pomarol,

Higgs (MCHM)” [4NGBs ~4 or (2,2) «— H ]
Global symmetry G global = SUA), X SU(4); X SO(5) (4;,% 4, X MCHM)
Gauge symmetry G gange = SUA), X SUB) X SUR2), X U(1) 1 | (4321 gauged)

Spontaneously broken by a condensate at some IR scale f ~ few TeV

Global SBB Gr =S5U4), X SO4) (Custodial sym.)

Gauge SSB g() — ?gauge N gIR — SU(3)C X SU(2)L X U(I)Y (Standard Model)

Goldstones 15 + 4 (15 eaten + NGB Higgs) (U,G,Z'+ H)
[Fuentes-Martin, Stangl, 2004.11376] [Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]
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4321 + pNGB Higgs: The Composite Blueprint

“Minimal Composite SO(5) —» SO04) = SU2); X SU2)r + 4NGBs  [Agashe, Contino, Pomarol,
Higgs (MCHM)” ) hep-ph/0412089]
[4ANGBs ~4 or (2,2) «— H]

Global symmetry G global = SU4), X SU(4), X SO(S) (4, X 4, x MCHM)

Gauge symmetry G gange = SUA), X SUB) X SUR2), X U(1) 1 | (4321 gauged)

Spontaneously broken by a condensate at some IR scale f ~ few TeV

Global SBB Gr =S5U4), X SO4) (Custodial sym.)
Gauge SSB 0= Goauge N F1r = SUB) . X SUR2), X U(l)y | (Standard Model)
Goldstones 15 + 4 (15 eaten + NGB Higgs) (U,G,Z'+ H)

SM Higgs emerges as a Nambu-Goldstone boson of the
same (strong) dynamics breaking 4321 gauge symmetry!

[Fuentes-Martin, Stangl, 2004.11376] [Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]
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Holographic Dictionary: A 5D Model Builder’s Guide

AdS/CFT correspondence relates a strongly coupled 4D CFT to a 5D

theory with a warped fifth dimension.
Warped 5D (AdSj)

2 —2k v 2
Composite (4D CFT) ds” = e ", dx"dx" —dy

[Randall, Sundrum, hep-ph/9905221]
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Holographic Dictionary: A 5D Model Builder’s Guide

AdS/CFT correspondence relates a strongly coupled 4D CFT to a 5D

theory with a warped fifth dimension.
Warped 5D (AdSj)

2 2k v 2
Composite (4D CFT) ds” = e ", dx"dx" —dy

® Strongly coupled sector (CFT) with : |

global symmetry & ;. 48 A
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® Elementary sector with gauge A LA A (Bulk < CFT) AT A
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SN
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® CFT becomes strongly coupled at D% %
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* Air/Ayy = e Large hierarchy solved & la RS

[Randall, Sundrum, hep-ph/9905221]
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A M u lti'sca | e 5 D M Od el K Spontaneous symmetry breakings \
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Gauge-Higgs Unification and the Top Yukawa
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Gauge-Higgs Unification and the Top Yukawa

Field
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Gauge-Higgs Unification and the Top Yukawa

Field

SU(4)n

SU(4),

SO(5)

\113

4

1

4

W2 (+,+)] 4L
lpi (_7_) tR
30| B, } Uk

SUQ),

b - 9

[Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]

Ben A. Stefanek | Flavor hierarchies, flavor anomalies, and the Higgs mass from a warped extra dimension


https://arxiv.org/abs/2203.01952

Light-Heavy Fermion Mixing in the IR
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Light-Heavy Fermion Mixing in the IR
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Light-Heavy Fermion Mixing in the IR

Field SU@A), SU4), SO(5) ® Mixing (Yukawa and VL) only occurs in
the IR due to gauge symmetry (can be
VERVERP 40 4 1 4 -
P different for quarks and leptons).
I 1 4 4

® Results in a U(2) flavor symmetry with
leading breaking in the LH sector.

g« ~ L ~R
_ ML — MEYP(M: M
YFi1fo 2\/5( i i5) P(My,, My,)

S S S
o Q‘z’@: 5@&\\ R Q‘b@
A

N A4
ph) L8 Y

E.g. P(My;, Mys) ~ e *L70)/2 ~ 1

T~ O — T — (L -8)~ 00D — |
Guv '

Gr DSUQB). X SO4)

[Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]

11

Ben A. Stefanek | Flavor hierarchies, flavor anomalies, and the Higgs mass from a warped extra dimension


https://arxiv.org/abs/2203.01952

Light-Heavy Fermion Mixing in the IR

Field SU4), SU@4);, SO(5) ® Mixing (Yukawa and VL) only occurs in
the IR due to gauge symmetry (can be
VERVERP 40 4 1 4 -
» o different for quarks and leptons).
I 1 4 4

® Results in a U(2) flavor symmetry with
leading breaking in the LH sector.

_ 9

s 33 &

L _ 2R
(M — My3) P(My,, Mg,) E.g. P(Mg;, Mys) ~ e ML=4i)/2 5 /g

\,Q‘b’, (b"& 5Q ‘
N ‘ & >4 N A
ph) L @ Y 5%
u.d A N gl2 Yo ON& @23 1A
§ é "('..—': S, bu1k ’: : é“‘,: E"', bulk \ E E “',‘,-g E’ -
L LA TN e IR
I N L I N ')L et B D
AL b 50(1 : Lot DN $U '*" A AT
P ¢ P B {Q) > - BN N
L P A e RVE)
AL QPP vHA
A T i
P i d I SR
L : AT
S .yl sER A
i — ~Y —_— — — ~Y "‘E 3
g [ 7 SU3 SO
0\ r 2 SUB), X 50(4)

[Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]

11

Ben A. Stefanek | Flavor hierarchies, flavor anomalies, and the Higgs mass from a warped extra dimension


https://arxiv.org/abs/2203.01952

Light-Heavy Fermion Mixing in the IR

Field SU@A), SU4), SO(5) ® Mixing (Yukawa and VL) only occurs in
the IR due to gauge symmetry (can be
VERVERP 40 4 1 4 -
P different for quarks and leptons).
I 1 4 4

® Results in a U(2) flavor symmetry with
leading breaking in the LH sector.
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Light Family Yukawas in the UV

Field SU(4)h SU(4)Z 50(5)
\ER 4 4
Y 1 5

?UV

[Panico, Pomarol, 1603.06609]

S~ ~00) —|

® Sigma X! ~ (H' ¢) takes a VEV along
the singlet direction and propagates
the breaking of SO(5) into the bulk:

Lsp D =Y, W' ST Pr¥d
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Light Family Yukawas in the UV

® Sigma X! ~ (H' ¢) takes a VEV along

Field | SU4), SU(4), SO(5) the singlet direction and propagates
i \pi . 1 4 4 the breaking of SO(5) into the bulk:
by 1 1 5
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Light Family Yukawas in the UV

® Sigma X! ~ (H' ¢) takes a VEV along

Field | SU4), SU(4), SO(5) the singlet direction and propagates
i \pi . 1 4 4 the breaking of SO(5) into the bulk:
by 1 1 5
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Higgs Potential

® Potential is a function of the Wilson line. Field | SU(4), SU4); SO(5)

® Tree-level contributions from bulk scalars VA 4 1 4
breaking SO(3). > 1 1 5

® 1-loop dominantly from the top and EW 0 1 4 4

gauge bosons. Finite and fully calculable.

V(h) ~ v COS <;> B 5 sin2 (;) Higgs decay constant :

2A
l l f= gIR
¥ Q vy W.Z
(MKK = g«f)
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Higgs Potential

® Potential is a function of the Wilson line. Field | SU(4), SU4); SO(5)
® Tree-level contributions from bulk scalars VA 4 1 4
breaking SO(3). > 1 1 5
® 1-loop dominantly from the top and EW 0 1 4 4
gauge bosons. Finite and fully calculable.
h , h Higgs decay constant :
V(h) =~ acos <? — Bsin? 7
l l 2\
3 3 &
P Q Y X, W, Z
(Mgk = 8«f)
84 28(h 2
cos((h)/f) = —55 m; = 2\(h)* = Bih)
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Higgs Potential

® Potential is a function of the Wilson line. Field | SU(4), SU4); SO(5)

® Tree-level contributions from bulk scalars VA 4 1 4
breaking SO(3). > 1 1 5

® 1-loop dominantly from the top and EW 0 1 4 4

gauge bosons. Finite and fully calculable.

V(h) ~ v COS (;) B 5 Sin2 (;) Higgs decay constant :

l l f= A
P30 Py W.Z o
(MKK = g«f)
2
cos((W) /) = — o= m2 = 2A(h)? ~ 204

Quartic of the right size for

\ A N.y*log A_%R _ 2<(3)92 (392 1 g2 ) g« ~ 2.5, also compatible
T it * AL IY with the top Yukawa.
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Little hierarchy and the B-anomalies

Our model connects the mass of the 4321 gauge bosons to fine-tuning in

the Higgs potential.
M 8]
U,,G',Z Masses : M,s = R = (g« = 2.5, kL =~ 10)
\V2kL  A/2kL
2

: : 1%
Fine tuning : -
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Little hierarchy and the B-anomalies

Our model connects the mass of the 4321 gauge bosons to fine-tuning in

the Higgs potential.
M .
U,,G',Z Masses : M,s = KK ¢ / (g« = 2.5, kL =~ 10)
\V2kL  A/2kL
12
Fine tuning : f_2 Light U, leptoquark preferred to minimize fine-tuning!

*But also a light coloron- direct searches require M5 2 3.5 TeV which
translates to f 2 6.4 TeV.
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Little hierarchy and the B-anomalies

Our model connects the mass of the 4321 gauge bosons to fine-tuning in

the Higgs potential.
M .
U,,G',Z Masses : M,s = KK ¢ / (g« = 2.5, kL =~ 10)
\V2kL  A/2kL
12
Fine tuning : f_2 Light U, leptoquark preferred to minimize fine-tuning!

*But also a light coloron- direct searches require M5 2 3.5 TeV which
translates to f 2 6.4 TeV.

V2

Fine tuning : — & 1073 (Could be improved slightly by splitting

the 4321 gauge boson masses.)
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Low-energy phenomenology, deviations from 4321

® [ ow energy pheno is the same as in the
non-universal 4321 model.
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Low-energy phenomenology, deviations from 4321

® [ ow energy pheno is the same as in the

non-universal 4321 model.
Benchmark Spectrum : 4 F

® Strongest bound on the overall scale

comes from coloron direct searches.

M
fo—E ~64TeV
g«

g«f
\/2kL

M s =~ ~ 3.6 TeV
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Low-energy phenomenology, deviations from 4321

® [ ow energy pheno is the same as in the

non-universal 4321 model.
Benchmark Spectrum : 4 F

® Strongest bound on the overall scale

comes from coloron direct searches.
® [ eading deviation in 3rd family EW vertex

corrections from KK < SM mixing. A = 8 TeV
3 M
H) <g ) Yo Fro KK~ 64TeV
g«
g+

~ 3.6 TeV

- 7(0)
Z,

KK N
2, Mys =

P \/2kL

Leading effectin Z — 7;7;

592\113\113 ~ _03 m2Z g>|2< ~ 03 <h>2 < 10—3

' 2 2 12 2~
AT Miw 97 dcg, f
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Low-energy phenomenology, deviations from 4321

® [ ow energy pheno is the same as in the

non-universal 4321 model.
Benchmark Spectrum : 4 F

® Strongest bound on the overall scale

comes from coloron direct searches.
® [ eading deviation in 3rd family EW vertex

corrections from KK < SM mixing. A = 8 TeV
3 M
H) <g ) Yo Fro KK~ 64TeV
g«
g+

~ 3.6 TeV

- 7(0) KK N
Z, 2, M5~

P \/2kL

Leading effectin Z — 7;7;

2 2 2
JARE ~ _03 2z 9« 0.3 () <107° [f>25TeV (Mg > 6TeV)]
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Extension to Planck and Cosmological Signatures

10—14_

10—17_

4; X4, X 4,

[Greljo, Opferkuch, BAS, 1910.02014]
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Extension to Planck and Cosmological Signatures
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Conclusions

» We presented a model where flavor hierarchies naturally emerge
from a 3-brane structure in a warped extra dimension, where
each SM family is quasi-localized on a different brane.
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each SM family is quasi-localized on a different brane.

» Our construction results in a U(2)" flavor symmetry with leading
breaking in the left-nanded sector.
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» Our construction results in a U(2)" flavor symmetry with leading
breaking in the left-nanded sector.

» The Higgs emerges as a pseudo-Nambu-Goldstone boson from
the same strong dynamics that breaks 4321 gauge symmetry.
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Conclusions

» We presented a model where flavor hierarchies naturally emerge
from a 3-brane structure in a warped extra dimension, where
each SM family is quasi-localized on a different brane.

» Our construction results in a U(2)" flavor symmetry with leading
breaking in the left-nanded sector.

» The Higgs emerges as a pseudo-Nambu-Goldstone boson from
the same strong dynamics that breaks 4321 gauge symmetry.

p At low energies, the model reduces to the 4321 model, which is
known 1o provide a good explanation of the B-meson anomalies.
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Higgs Potential

Field | SU(4), SU4); SO(5)
Nr @) 3 5 \113 4 ]_ 4:
V(h) = zr: 1672 /O dpp”log [pr(—p°)] ) 1 1 5
Q) 1 4 4
h h
V(h) = a(h)cos (—> — B(h) sin” (—)
f f
VEV : Quartic :
“rR “rL\ A2 2 ~ l T\ A12R )2
ag ~ (Mg — Mg) Afg (Qr) Oy ~ 2(MH/ Ms) (k:L)2< IR)
3N, f4 - ch4 4 A%R
owe(h) ~ 23y ypg? 260 () P ()R g [’”log m2(h)
o 6 N_9f4 2<(3)(32_|_ 2)
EW = 7153 9x gr T 9y
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IR Masses

3 (+,+) P (+,—)

Ui = 43 (—, )|, U= |93 (4, )] .
b3 (+,—) Y3 (=, )]
XV () W (+,4)]

X0 = | (1), W = | g (—,+)]
K ). U (= +)
[ )] [y

U= vl (= )] U= |l ()|
TACES W (=, =)

Lir D (Xp My + W) My + )i, ) Pr Xy,

Lir D V£ M\I,dPL\IJSR —+ XL(M P+ M PR)\I/
+ U rivg PRV, + U7 (Ml Pr + g Pr) Wik
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Holographic Lagrangian

g* . _kzj .
- (G H YR — e 2 g mi; Huly

(¢LM@dH¢dR T XL(Min - M;?d)HﬁbzR)

+ e "% o] (M — mdj)deR] +h.c.
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