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Puzzles in the SM and Hints Toward New Physics

\ \/ Natural, Flavor Universal
/ " y
< - .

1* "' i Flavor Puzzle

® Has very hierarchical structure

_,l. ¢ CP su that does not seem accidental
® Violates LFU

+ (Bl ~ v/ ()
Higgs Hierarchy Problem

1 L-P‘. 1{]*" 7[/.%4 s ® Instability of the Higgs mass
o '

under quantum corrections

TeV-scale new physics?
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Puzzles in the SM and Hints Toward New Physics

Flavor Puzzle

® Pessimist: Yukawa structure is accidental and/or originates at a very high scale.

® Optimist: Yukawa structure does not look accidental at all, and could be
(at least partially) connected to the next scale of new physics.

Mu,d,e ~ Vekm ~

Some wishful thinking:

Higgs Hierarchy Problem
Iggs Hi y Perhaps both puzzles are

TeV-scale new physics? » related to the same new
physics sector at the TeV scale...

@ See also Yi Chung’s talk! (Thursday)
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Flavor could have a Multi-scale Explanation

SZSMEFT — gGauge + ngggsl_l_ gYukawa T Z A d—4 C @d Alstfam. ~ @(104 TeV)
Y

---'

Non-trivial UV imprints

The SM Yukawas are very hierarchical because 3
they originate from very different scales! Ajpd fam, ~ O(10° TeV)

TeV-scale NP dominantly coupled to third and

(to a lesser extent) second families k. ‘4 %)
[ ~ U(2)° protection from flavor constraints ] =17 Asrd fam, ~ O(TEV) ﬁ
1 2 0 170
e.g. from N (W) M° @ M v =~ 246 GeV

[Barbieri, 2103.15635
Bordone et al., 1712.01368
Panico, Pomarol, 1603.06609
Dvali, Shiftman, '00, ...]

Direct production of new states at the LHC is
naturally more suppressed [ NP scale can be lower |
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Flavor could have a Multi-scale Explanation

SZSMEFT — gGauge + ngggsl_l_ gYukawa T Z A d—4 C @d Alst fam. ™~ @(104 TGV)
Y

---'

Non-trivial UV imprints

The SM Yukawas are very hierarchical because

1 3
they originate from very different scales! Ajpd fam, ~ O(10° TeV)

TeV-scale NP dominantly coupled to third and

(to a lesser extent) second families k. ‘4 %)
[ ~ U(2)° protection from flavor constraints ] =17 Asrd fam, ~ O(TEV) ﬁ
1 2 0 170
e.g. from N (l//il//j) M’ @ M v~ 246 GeV

[Barbieri, 2103.15635
Bordone et al., 1712.01368
Panico, Pomarol, 1603.06609
Dvali, Shiftman, '00, ...]

Perhaps we are already seeing
hints in B-meson decays?
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Combined Explanation of the B-anomalies

U, + UV completion
Model R, (. R« R, & Rn(«
K*) | 7D(*) k() % D) [di Luzio, Greljo, Nardecchia 1708.08450:
Calibbi, Crivellin, Li 1709.00692:
51 = (3’ 1)—1/3 X v X Bordone, Cornella, Fuentes-Martin, Isidori 1712.01368;
n o . _ .
Eo R, = (3’ 2)7/6 X / X Barbieri, Tesi, 1712.06844; Greljo, BAS, 1802.04274]
ol ~ Si + 9
A Re=(3,2)1/6 X X X : )
[Crivellin, Muller, Ota 1703.09226;
S3=1(3,3)_1/3 v X X Buttazzo et al. 1706.07808;
. ( ) Marzocca 1803.10972,...]
o Ul =(3,1 2/3 v v v
C 72 S; + R,
> U3 — (3, 3)2/3 v X X

[Becirevic et al., 1806.05689]

[Angelescu, Becirevi¢, Faroughy, Sumensari, 1808.08179]

3 X R2 (Sz?) Q See Luc’s talk! (Wed)

The U, is (one of) the most promising mediators to explain the B anomalies: § See Claudia’s talk!

v/ Notree-level b — sy,

v Being a vector, possibility to realize a U(2)5 from a flavor non-universal gauge symmetry
(possible connection to the SM flavor puzzle)

v/ Third-family quark-lepton unification: Hint towards Pati-Salam-like unification

5
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Gauge UV Completion for the U1 Leptoquark

[di Luzio, Greljo, Nardecchia 1708.08450
Bordone, Cornella, Fuentes-Martin, Isidori
1712.01368, 1805.09328;
Greljo, BAS, 1802.04274]

Based on “4321" gauge symmetry:

U(ly

| | (Q)3,15) ~ O(TeV)
SU@), X SUB); X SUR);, X U(1);, » SUB3),. xSU®2); x U(1)y

SU3), Massive Gauge Bosons
U,, G, Z'

® Provides a UV completion for the U+ vector LQ

® Necessarily comes with G’, Z’ [cannot have TeV-
scale Pati-Salam unification: SU(4) D SU(3), ]

e For g, > g3 |, massive gauge bosons dominantly
come from SU4),,
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Third family quark-lepton unification at the TeV scale

[di Luzio, Greljo, Nardecchia 1708.08450
Based on “4321" gauge symmetry: Bordone, Cornella, Fuentes-Martin, Isidori

1712.01368, 1805.09328;

Greljo, BAS, 1802.04274;

U(l)y Cornella, Fuentes-Martin, Isidori 1903.11517]
| (Q 5 5) ~ O(TeV) o
SUA), X SUQ),; X SU2), X U(l)15 — > SUB3).xSUQR), xU(), +U,G.Z
|
SU(3 3 3 3
G Wy ~ qr. b~ UpR br ~ dg
I R v, R e
Field SU(4)h SU(3)Z SU(Q)L U(l)l—i—R
o charged under SU(4), qL 1 3 2 1/6
. | ut, 1 3 1 2/3
— Direct NP couplings (L+R) dt, 1 3 1 ~1/3 Tst & 2nd
i 1 1 9 —1/2 families
e Light families under 321 (SM-like) M- S -
® Accidental approximate U(2)> flavor XLr | 4 1 2 0
symmetry: ¥ = ( ¢1 P2 (¥3)) é{l }1 i i _11//22
Qs i 3 1 1/6
15 15 1 1 0
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Third family quark-lepton unification at the TeV scale

[di Luzio, Greljo, Nardecchia 1708.08450

Based on “4321" gauge symmetry: Bordone, Cornella, Fuentes-Martin, Isidori
1/12.01368, 1805.09328;
U(1) Greljo, BAS, 1802.04274;
Y Cornella, Fuentes-Martin, Isidori 1903.11517]
(Q)315) ~ O(TeV)
SU@), X SU@B); x SUR2); X U(1),,p > SU3), xSUQ2); x U(1)y
| +U,,G,7Z (0O
SUG), T \L
® CKM mixing and NP couplings to Field | SU4), | SUB); | SU2)r | UD)i1r
light families from the leading O(0.1) qt 1 3 2 1/6
- : u} 1 3 1 2/3
breaking of U(2)q xXUQ2),: di}z: ) y ] 13 11‘8;r§i|§ar;d
0y 1 1 2 —1/2
i \1 IR g 1 1 1 -1
L D) —qLAqQSXR _ KL)\K QlXR qp}z 4 1 2 0 -
. 1 p " " 11/ 3rd family
= v — R
_y—FXLHwR _ y—XLHwR XL.R 4 1 2 0 VL fermion
H 1 1 2 1/2
o 0 1 1 1 ~1/2
£ qi 0, 3 . ] 1jg | 43218SB
o 15 1 1 0 scalars

Scalar sector: See Julie’s talk! @

Tp, bp
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Roadmap to a Multi-scale Theory of Flavor

AR

R E
4
o Ay, fam. ™~ O(10™ TeV)
_ : 1 A2nd fam. @(103 TGV)
Al A2 A3
< Energy
/ 1. 4321 gauge symmetry at the (3rd family QL -: S A fam. ~ O(TeV)
unification, explanation of B-anomalies)
2. Flavor <> fermion (quasi)-localization in v~ 246 GeV

3. Higgs as a pNGB of the same dynamics responsible
for breaking 4321 gauge symmetry

[Fuentes-Martin, Isidori, Pages, BAS, 2012.10492
Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]
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Flavor in Randall-Sundrum Models

® 5D Yukawa couplings are anarchical, Higgs in the IR Dangerous dipoles (among

® | ocalize top in the IR, light families in the UV others) generated at the IR scale
® [ ight family Yukawas receive exponential suppression g% m
e —
| ~ e,o, e '
® But, RH fields must reach the IR where KK modes peak 1672 Aty LopR
1 ()
00F ;
80+ [l AMjp neutronEDM - ‘PI(?)
60 M e W electronEDM -
S 405 W By - ptu Wuoey l:;
o T ;
T |
N
e J0F-c R
o — _
0: ]
multiple flavor 3™ family 21 family w w
scales partly comp. partly comp. ~
uv IR
[Panico, Pomarol, 1603.06609] » /

* Air/Ayy = et Exponential hierarchies
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Benefits of a Multi-Scale Solution for Flavor

® Higgs profile extended into the bulk, RH fields localized in branes [Dvali, Shifman, '00; Panico,
Pomarol, 1603.06609]
® [ ight family Yukawas now done in the UV, smallness explained by |
the exponentially falling Higgs profile Dangerous dipoles now
| | o suppressed by the UV scales
® U(2) flavor symmetry with leading breaking in the LH sector. ,
. . . x My _
® Dangerous operators involving RH fields naturally suppressed ~ 16* > AZ eLaﬂyeRF/“”’
LS|

Higgs VEV Profile

(H) ~ vy ™)

*Fermion mass hierarchy
fixes the total volume:

kL ~ In(m,/m,) ~ 10

Ay ~ 10* TeV Ay ~ 10° TeV A; ~ TeV
| [Fuentes-Martin, Isidori,
» L Pages, BAS, 2012.10492
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Roadmap to a Multi-scale Theory of Flavor

AR

R E
4
o Ay, fam. ™~ O(10™ TeV)
_ : 1 A2nd fam. @(103 TGV)
A1 A2 A3
< Energy
/ 1. 4321 gauge symmetry at the (3rd family QL -: S A fam. ~ O(TeV)
unification, explanation of B-anomalies)
\/ 2. Flavor <> fermion (quasi)-localization in v~ 246 GeV

3. Higgs as a pNGB of the same dynamics responsible
for breaking 4321 gauge symmetry

[Fuentes-Martin, Isidori, Pages, BAS, 2012.10492
Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]
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4321 symmetry breaking and EWSB: Parallels

U(l)y [Fuentes-Martin, Stangl 2004.11376]
| (€2 515) ~ O(TeV)
SU4), % SU3), X SU2), X U(1) g —= > SU3). x SU2), x U(1)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)
13
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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)
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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] 15 [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 = 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)
[Fuentes-Martin, Stangl, 2004.11376] 15 [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] 15 [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] 15 [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 . —2ky UV 2
Composite (4D CFT) ds” = e ", dx"dx" — dy
® Strongly coupled sector (CFT) with 4 4
global symmetry &1 4% P4
A7 S6bulk — ?global ‘ ' AT
ATAT
(Bulk & CFT) |

[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 . —2ky UV 2
Composite (4D CFT) ds” = e "n,, dx'dx” — dy
® Strongly coupled sector (CFT) with : |
global symmetry &qjopa1 48 9%
, * 4 Sgbulk — ?global : ’ i ‘ J
® Elementary sector with gauge AT A e Spapay
Jlp e s o (Bulk < CFT) A AT AT
symmetry &0 € global gpc Ay (AT LA LA
e s P
ISP 2P AT LA

[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 & gjopa 48

. ’4 Sgbulk — ?global

® Elementary sector with gauge AT AT

Symmetry ?gauge C c‘6g10bal ( t&g&“bd (Bulk < CFT)

R

® CFT becomes strongly coupled at ( 2

some IR scale and spontaneously

breaks &'qjobal = 1R

L

[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 & gjopa

| ] Touk= o |
® Elementary sector with gauge A LA A (Bulk < CFT) e
LAl Bulk < CET S
symmetry ?gauge C c‘\gglobal ;&@0@‘&
(&
O

® CFT becomes strongly coupled at AT AT
some IR scale and spontaneously
breaks &'qjobal = 1R BEGr

e NGBs in the coset & .1/ T 1r

globa

[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

| G bulk = ?global
® Elementary sector with gauge A LA A (Bulk < CFT) AT A
symmetry & gauee € G global LA
SN

TSRSy
® CFT becomes strongly coupled at D% %
some IR scale and spontaneously P s

breaks ?global - IR

e NGBs in the coset & .1/ T 1r

globa

* Air/Ayy = e Large hierarchy solved & la RS

[Randall, Sundrum, hep-ph/9905221]
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A Multi-Scale 5D Model 4
O | €2, = SU@), x SU4), x SO(5)

Spontaneous symmetry breakings \

5D Model Builder’s Toolbox

O

O

. |
bulk papap
7L g1~ few TeV
T T
a0

Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]
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A Multi-Scale 5D Model 4

Spontaneous symmetry breakings \

12 _
5D Model Builder’s Toolbox O cgbulk =5 U(4)h XS U(4)l X SO(5)
O A, (6 broken)

g = SU@4), x SU3),;x U(1), X SO(5)

O

o T
“ ‘L
: »
» o
Ty
Lt AT L
: .
y ‘.: :‘4 : . .': N ‘ s)‘/ ‘
o 3 |
» o [P
A VL)
o’ L
et
- l o
5 .

Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]
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A M u lti'sca | e 5 D M Od el K Spontaneous symmetry breakings \

12 _
5D Model Builder’s Toolbox O cgbulk =5 U(4)h XS U(4)l X SO(5)
O A, (6 broken)

g = SU@4), x SU3),;x U(1), X SO(5)
Ay = Ay (15 + 4 broken)

@IR =S8UQ3). X U(l)g_; X SO4) J

O

bulk Ppabay
As ANt ~ few TeV

Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]
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Gauge Sector

( IR symmetry breaking \

g = SU@), x SU3),x U(1),x SO(5)
Ay = Ay (15 + 4 broken)

Myx \?m = SUQB), x U(1)p_; X SO(4) Y

In breaking €22, — g, the 4321
gauge bosons acquire a mass of:

» . »
LT | et ‘L
: »” : v
S T : o
o [T v T
r . v ) 1" 3 o
. ” -~ ’Q
» »
. » . » . : »
et ’ - .
” 3 : .
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Gauge-Higgs Unification and the Top Yukawa

Field

SU(4)n

SU(4),

SO(5)

\113

4

1

4

U3 =

e (+,4)| dL
lbg (_7 _) tR
03 (+ =) ] By g } SURk

SUQ),

7 D SO4)
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Gauge-Higgs Unification and the Top Yukawa

Field

SU(4)n

SU(4),

SO(5)

\113

4

1

4

Can remove H from
the bulk due to
the SO(5) invariance:

19

v (++)| U SUQR),
lbi (_7 _) tR
03 (+ =) ] By g } SUR)

D D SO4)
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Gauge-Higgs Unification and the Top Yukawa

Field

SU(4)n

SU(4),

SO(5)
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Light-Heavy Fermion Mixing in the IR

Field SU(4)h SU(4)[ 50(5)
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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.
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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.
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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 | SU(4),  SU(4); SO(5) the singlet direction and propagates
i \pi . 1 4 4 the breaking of SO(5) into the bulk:
> 1 1 53
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Light Family Yukawas in the UV

® Sigma X! ~ (H' ¢) takes a VEV along

Field | SU(4),  SU(4); SO(5) the singlet direction and propagates
i \pi . 1 4 4 the breaking of SO(5) into the bulk:
> 1 1 53
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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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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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A Comment on Neutrino Masses

® [ype 1 Seesaw would give:
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Neutrino Masses via an Inverse Seesaw Mechanism

Field SU4), SU4);, SO(5) . -
® Anarchic neutrino masses for:
VERVERP O 4 1 4
NEI A 1 4 4 i\ =) 2
St 1 1 1 m! = ? U, — Rla (®,) ~ const.
ISS 0 1 4 4 Mp (£2)
d 1 1 1
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Higgs Potential W(x) = =01

® Potential is a function of the Wilson line. Field | SU(4), SU4); SO(5)
® Tree-level contributions from the bulk VA 4 1 4
scalars 2, Q that break SO(5). > 1 1 5
® 1-loop dominantly from the top and EW 0 1 4 4
gauge bosons. Finite and fully calculable.
(Q,%)  (,2) (*) (*) 7(*)
! he WoE Lk
O X
Joeoonns h h- h
h : h Higgs decay constant :
V(h) ~ acos <? — [sin? 7 st '
| |
f= P (Mg = 8«f)
P30 v,x, W, Z
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Higgs Potential

h h Field | SU4), SU4), SO
V(h) ~ acos (—) — [sin? (—) o i ) 1( ! 4( )
f /
l l > 1 1 5
QO 1 4 4
P Q P x W, Z
Higgs Mass : Higgs VEV (a ~ —2p0) :
26(h)? -
m; = 2\(h)? ~ [z cos((h)/f) = "~ 93
1 Alg 9 2 (0.2 | 2 g (ZR)° - ~
AR 63 {Nc y; log m? 32 (3)g: (397 +9v) + (kL2 A2, (Mpyr — Ms)

\ 4 \ 4 \ 4

top loop EW gauge loop > tree

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

20

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


https://arxiv.org/abs/2203.01952

Higgs Potential

h h Field | SU(4), SU(4); SO(5
V(h) ~ acos <—> — 6sin2 (—) ;3 i ) 1( ! 4( )
/ /
l l > 1 1 5
O 1 4 4
P Q Wy W, Z
Higgs Mass : Higgs VEV (a ~ —2p0) :
253(h)? a
m; = 2\(h)? ~ [z cos((h)/f) = "~ 93
1 Afg 9 2 (0.2 2 gy (XmR)%, - -
Ar o |V y; log 32 (3)9s (397 + gv) + KL A2, (Mg — Ms)

Quartic of the right size for g« ~ 2.5, also compatible 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.

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

' 2 2 12 2~
AT Miw 97 dcg, f
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Extension to Planck and Cosmological Signatures

10—14_

10—17_

4y X 4, X 4,
. [Bordone, Cornella, Fuentes-Martin, Isidori 1712.01368
[Greljo, Opferkuch, BAS, 1910.02014] Fuentes-Martin, Isidori, Lizana, Selimovic, BAS, 2203.01952]
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Extension to Planck and Cosmological Signatures
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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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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 with leading
breaking in the left-handed sector.

p 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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IR Masses
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Holographic Lagrangian
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Higgs Potential
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