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| will not say anything new about the large hierarchy problem (TeV? vs M%l)

| will not say anything new about reducing the little hierarchy problem (M}Z1 vs TeV?)

| will discuss:
* recent ideas for solving the flavour puzzle at low scales (TeV),
e consequences of these models for the (little) hierarchy problem,

 phenomenology in flavour observables, direct searches, & EW precision



Outline

1. Introduction: flavour BSM, naturalness, LHC
2. Solving the flavour puzzle at the TeV scale: non-universal gauge interactions
3. Implications for naturalness

4. Some phenomenological consequences



1. Introduction:
Flavour BSM, naturalness, LHC



Flavour puzzle

Huge (technically natural) hierarchies in SM Yukawa couplings y ¥; HW:

1=y, >y, > y,~107°

Ve > Vo > Vo

Highly suggestive of accidental symmetries due to heavy BSM physics, e.g. new
gauge symmetries at higher scales, that couples strongly to Higgs and/or top



Heavy BSM physics that couples to Higgs means the physical Higgs mass is tuned,

unless we have e.g. SUSY or compositeness at a lower scale to protect My,

BSM particle X

See e.g. Farina, Strumia, Pappadopulo, 1303.7244

Contrast with dark matter & strong-CP problem, which could be explained by light
NP that has no direct impact on EW stability


https://arxiv.org/abs/1303.7244

This sensitivity of Mﬁ to flavour-puzzle-solving-BSM appears Neutral meson mixing constraints:
severe: probe effective scales > 10° TeV

|UTf,‘t

summer20

1. Trying to explain structure of Higgs couplings y W; HW;, so the
NP probably couples to Higgs

2. Typically many extra states, probably with large couplings to
top (even 2-loop M7 can be big)

3. Precision flavour data means that flavour-violation naively
probes very heavy scales
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Flavour-ful BSM:

TS q UKLE Too




The natural view from the 2000s (Pre-LHC)

To avoid this fine-tuning, Higgs surely stabilized by SUSY or compositeness near TeV
These mechanisms would protect M;, from all higher NP scales up to Mp;;

NP explaining flavour, gauge unification, neutrino masses, QG ...

Old Q: how to reconcile with flavour-violation constraints probing 0(104‘5) TeV?

Old A: the NP resolving the hierarchy problem is minimally flavour violating (MFV):
nearly flavour-blind, with flavour violating effects set by SM Yukawas.

D’Ambrosio, Giudice, Isidori, Strumia, hep-ph/0207036
Kagan, Perez, Volansky, Zupan, 0903.1794

Mp, L

Aflav S
“flavour-
blind” BSM

Asysy —— < 1TeV

VEw -
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The natural view from the 2000s (Pre-LHC)

To avoid this fine-tuning, Higgs surely stabilized by SUSY or compositeness near TeV Mp -
These mechanisms would protect M;, from all higher NP scales up to Mp;;
NP explaining flavour, gauge unification, neutrino masses, QG ... A?\UT' T
V
Old Q: how to reconcile with flavour-violation constraints probing 0(104‘5) TeV? Aoy -

Old A: the NP resolving the hierarchy problem is minimally flavour violating (MFV):
nearly flavour-blind, with flavour violating effects set by SM Yukawas.

“flavour-
D’Ambrosio, Giudice, Isidori, Strumia, hep-ph/0207036 blind” BSM
Kagan, Perez, Volansky, Zupan, 0903.1794
Flavour puzzle can then be solved at much higher scales without destabilising M} Asysy -~ < 1 TeV

* Traditionally done using horizontal gauge symmetries that commute with Ggy

Froggatt, Nielsen, Nucl Phys B (1979)
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http://arxiv.org/abs/hep-ph/0207036
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In 2020s, we know a lot more from the LHC + other experiments

No sign (yet) of TeV scale SUSY partners or composite resonances
that would stabilize the Higgs.

ASUSY? 4 10 TeV

Experimentally
inferred mass
gap, or “little
hierarchy”

VEwW —T—
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Overview of CMS EXO results

CMS p March 2023 L]
s . [ —r e w»0  Ma ny ATLAS and CMS direct
Zyrsmnance Il DO 0T 7120313 2 1y 2e 1 2+ 1y 36 bt
Wy resonance " LS T 2106 0509 {1+ 1y) 1377
Higgs y resonance " [ 072 =335 el LB0& 01257 11 + 1y} 36 b~ M M
CoorOstec i 212 p ST L9LL03847 2 17! searc m |ts a roac 10
Scalar Diquark M oS s e 1911 03T (2]) 137 0!
H+ §, peudoscalar{scalsrl, g7, x BR(§-20) > =0.0310.004) M [ 00150075 eV 191104968 (31, 4L} 137 fo~!
ti+ ¢, pseudoscalar{scalarl, g2, % BRIg=20) > =0.0310.08) " 191104568 (31, =41} 137 1! °
; e it ™ TeV exclusion
e e
quark compositeness (1), Nunn = - 1 o 210302708 (24) 140 o1
Excited Lepton Contact Interaction M D=5l | 2001.04 521 (2 21 77t
Excited Lepton Contact Interaction Il s e 2001 04521 124+ ) 77
vector mediator 1qq), g, =025, Gou =Lm, =1 Gev n [ 035207 TeV 191103761 { 2 3j) 16 fb-1 M
vectormediator i), g, = 0.1, oee= 1,9, =0.0L,m, >1 TeV' N 210302708 (28, 200 140 fo~! Pl p—
{axial-vector mediator (qg). g, =025, gows =1.m, =1 GeV ] D 05-28TeN 191103947 (2)) 137707}
|axialvector medistor {1y}, gy = 025. g =1 m, =1 GeV M 2107130214 2 1j+ p3=} 101 fo-?!
(asial}-vector mediator (£1).g, = 0.1 o= Loy =0.1m, >m .72 M 210302708 (28, 2| 140 -1
il =1 GeW 'l 190101553 (0, U + =2j+p7™} 36fb’1
m,=1Ge¢ " O 50T 2107 10892 (0, U + =2 49T} 137 o2
scalar mediator (fermicn portal), A, =1,m, =1 GeV 'l 2107130214 2 1j+ 7™} 101 fb’l
pseudoscalar mediator (+jiV), gy = L go M 210713021 = 1j4 p7=) 101 fb-1
pseudoscalar mediator {+£17), g, = 1. g = L., = M 1901015530, 1 + 22+ py™] 36 bt
pseudoscalar mediztor (1] g, =1.go.=1.m = 168V " D 005043 Te 21071080210, 1t + =2 457 137 o1 A
complex sc. med. {dark QCD} mn, =35 GeV. €Tx. =25 mm M 1810 10059 (4]) 16 fb~L
Baryonic Z', g, =025, g =L, m, =1 GeV' M 190801713 (h +p7™1 36 fb! GUT, —
7 mediatar (dark QCDI, my,, = 20 GV, 1, =0.3, a,,, =aiiF n 21121112542+ g7~ 138 -1
T -2HDM, gr =0.8, o = L tanf = 1, m, = 100 GeV. M 190801713 (h +p3™) 36 b1
Leptogquark medistor, B= 1, 8=0.1, Ay ove = 0.1, B0 < Mg < 1500 GeV M [ 0306 TeW 181110151 {1p+ L +p7™} 77 fb1
avion-like particle, =12 Tel™ ] DO 052 TeY OME PAS EXO-21-007 (pp +yy) 103 fo~!
inelastic dark matter model. y =10, a2 =0.1 " DO 0003008 eV CMS-BASEXC-20-010 (2 displaced ot ) 137 0! \Y
inelastic dark matter model, y =107, @2 =01 Il T 002-0.08TeV CMS-PAS-EXO-20-010 (2 displaced p+ p™} 137 o1
dark Higgs model, g, = 025, gow = 1, 8 = 0.0, m, = 200 GeV, m; = 700 GeV' n [ 01601352 TeW CMS-PAS-EXO-21-012 (U 42j+p7™, 20+ 1371
ROV stop to 4 quarks L] D0 =S 1808 03124 12]; &) 36 b1
RPV squark to & quarks " [ e o T TeN 1605 01058 21 38 b1
APV gluino to 4 quarks. [ G TN 1605 01058 (21) 38 fb-!
APV gluines to 3 quarks " 181010092 6j) 36701
ADD (it HLZ, nea =3 M 180308030 {2j1 36 fb!
ADD [yy. M) HIZ, nm = 3 M : E 10443 2y, 21 36 fb~l
ADD G emission, fe = 2 [ 210713021 [ 2 1j+ py=) 101 fo-!
ADD QBH Iji}, ne =6 I 18038803012j) 36 fh1
ADD GBH e, e " 2205 06709 e g 137 fo~!
ADD QBH letl. neo =4 " 2205.06709 e} 137 fo!
] 220506700 pr] 137 fo~!
ADD QBH (p. reo =6 M OMS-PAREXD-20-012 Iy +]) 137 o)
M 1210302708 {20} 140 fo~1
M 1806 00327 {2y} 36 b1
" IO ST 1911.03947 (2]} 1371 ?
[ 1803 08030 () 36 fb-1 e
#5 034 fyl o =1 W ST s s £ 0212 iy +i) 13771 SUSY o
nan-rotating BH, Mo = 4 TV, nea = 6 [ J05.06013 | 27 ) 36 fb-1
30rane WED Geeld +9-999). Gore =6, Gou =3, £=0.5, mIgUMigeed =01 rig,) [ 2T 2201 02140 (2j) 137 !
SpitUED, pz2 TeV. ® IO SR TEN| 1202 06073 12 + P 137! .
excited light quark (qgl, " S EEETEY 1911.03 347 R} 137 o1 EXpe r“ I lenta I Iy
excited light quark (qyl. £ =Lh=m; M [ GTENI OMS-PAS-EXOR0-012 fy + 1) 137 fo-!
M [ TSR T M- PAS-EXO-20-012 [y +j) 137 o1 .
" 1 OS] 81103052 ty + Za) 36 7b~! f d m
M e as s e 1811 03052 fy + 24 Ei In erre aSS
WMSM, [V P=1.0, Wurl*=1.0 M i 0.001-124 Tev 1802 02955; 1806.10305 (3u; = 1j+2u) 36 fb1 “u:
WMEM, VP = L8, V=10 M | 0.001-1 43 Tey 180202965, 1806.10905 |3e; 2 j +2e} 36 fb! I tt I
VMM, Vi V[PV + [V} = 10 M 0.02-16TeW 180610905 (= 1j+ p+e) 36 fb1 ga p’ O r I e
Type-lll seesaw heavy fermions, Flavor-demacratic N 01-098TeV 220208676 (3L, =41, 17 +3L 27+ 20, 3v+ 1t, Iv 424,27 + 1| 137 ﬁ)_l
Vector like taus, Doublet N 01-1045TeV 2202 08676 (34, =40, 17 +3L, 27+ 20,31+ 1, Ir+ 20,2+ ) 137 fb’l . ”
Vector like taus, Singlet L] 0135-015TeV 220208676 (34, =z4L 17 +3L 27+ 2, 31+ WL IT +2L2T 4+ U} 137 -l h I e ra rc hy
Zo. namom resonance, £ =B x 107 180% CL} » I nonIs-0.075 T 191204776 (2p) 137 o~
Za, narrom resenance, £ =4 x 107 {80% CL} ] 191204776 (2 137 fo !
Za, narrowm resnance, £ =7 x 1077 1% CLE M| | 00011-0.0026 TeV CMS-PAS-EXO-21-005 {20} 97 fh-1
Z, narmom rescnance, £ =3 x 1070 {90% CL} M 0OUZSUO0ATEY]  CMS-PAS-EXO-21.003 (20) 97 fb-1 v |
M 210302708 (2¢, B0 RELE E W
" S es-2eTev e 137 !
" I a0 15 eV 190510331 (1, 1y 367!
" G e 210302708 (2, 20} 140 fo-?
M D eaes T 220506700 (e 137 o1
M o 3 el 2205.06 708 (e 137 fo-!
M Lm0 0608 137 o1
M 220206075 11 137!
Leptophabic " L 0es-pasTev 15001 2j) 78 bt . 'k' h 'k' b' 1 CMSP
e ' — s https://twiki.cern.ch/twiki/bin/view
LRS M Wauhl ), My, = 0.5My, M 211203949 {2p+ i} 36 fb~l
SSMWTi} M D 0eAa TRy 221212604 (v + ) 137 ﬁzl'l .
LRSM Walels), M, = 0.3, M 21120399 20 42] 35 b- bl S Pl t EXO 13T V
LRSH Wy, M =0 . v 110008 0w 42 S V| IC/ ummaryriots e
Axigluon, Coloron, catf=1 " s e s TeY 1911.03 34 27} 137!

Fermions.

. L L
0.001 0010 0.100 1.000 10.000 1 3
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). Mass Scale [TeV]



In 2020s, we know a lot more from the LHC + other experiments

European Strategy for Particle Physics, 2020 Briefing Book 1910.11775
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With MFV, the effective scale of NP as constrained by flavour + EWPO + direct
searches is in similar ballpark: currently around 10 TeV

Asysy?

VEw

Percent level tuning on M,% in MFV SUSY / compositeness = “little hierarchy problem”

y

A

— 10 TeV

Experimentally
inferred mass
gap, or “little
hierarchy”
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https://arxiv.org/pdf/1910.11775.pdf

Beyond MFV: very flavoured NP can be lighter!

MFV is unnecessarily aggressive: LHC direct search limits driven by
contributions from light-flavour operators (PDF enhanced in pp).

LHC bounds roughly 10 times weaker for NP coupled mostly to 3™ family,
for which TeV scale remains viable

Example: high-p; Drell-Yan tail constraints on semi-leptonic SMEFT operators [ ~ ¢ (Tev)? QQLL
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Allwicher, Faroughy, Jaffredo, Sumensari, Wilsch, 2207.10714
Allwicher, Faroughy, Jaffredo, Sumensari, Wilsch, 2207.10756


https://arxiv.org/abs/2207.10714
https://arxiv.org/abs/2207.10756

2. Solving the flavour puzzle
at the TeV scale

Asysy? —

—10 TeV
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Beyond MFV:
From U(3) global symmetries to U(2)

NP that couples differently to 3 family, but universally (e.g. zero) to light families, has some U(2)"
flavour symmetry:

(Y1 Y5) =doublets of U(2), Y5 = singlets of of U(2)

Imposing U(2)> flavour symmetry on NP is a weaker assumption than the U(3)° of MFV
* |t allows NP coupled mostly to 3™ family, giving much weaker direct search constraints

« With a choice of minimal U(2)°-breaking spurions, one also avoids flavour bounds with NP scale

around 1 TeV
Barbieri et al, 1105.2296;
Isidori, Straub, 1202.0464;

. . ) Fuentes-Martin et al, 1909.02519
What would be the UV origin of such U(2)" flavour symmetries?
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Beyond MFV:
From U(2) global symmetries to non-universal gauge symmetry

The U(2)> flavour symmetry can be realised accidentally, from a flavour
non-universal gauge symmetry that couples differently to 3" family

The non-universal gauge symmetry, and the U(2)° it delivers, could be the origin of
flavour hierarchies, because it will also restrict the Yukawa couplings:

/ \ /o e ) Light Yukawas (and U(2) breaking)
from higher-dimension operators;
~ i @ originate from NP at higher scales
.................... S ~~ R
Barbieri et al, 1105.2296 A o
\ - y, \ . y Isidori, Straub, 1202.0464 SUSY 10 TeVv

Fuentes-Martin et al, 1909.02519
Exact U(2) limit Observed Yukawa Aer?
flav: —

The heavy gauge bosons inherit the U(2)> symmetric couplings to SM fermions and so

can be a few TeV. Flavour could be explained at low scale — inversion of MFV paradigm VEw —
18



https://arxiv.org/abs/1105.2296
https://arxiv.org/abs/1202.0464
https://arxiv.org/abs/1909.02519

U(2) accidental symmetries from deconstructed SM gauge interactions

Let’s work from the bottom up. SM gauge symmetry: SU(3) X SU(2);, X U(1)y
Consider ‘deconstructing’ each factor into a separate “light family” and “third family + Higgs” part:

TeV gauge [12] 3 [12] [3]
symmetry su3)?l x su3)Lsl su@) x su)? Uy x Uy
contains:
x x 0 00 0 000
F F
Yij ~ [ > x 0 Yij~[000 Y5~ 1000
0 0 x X X X 00 X
Allows 2 x 2 matrix of light Rank-1 matrix, can be Explains Vg, <1
Yukawas (Higgs colourless) diagonalised by a RH-rotation Explains m, < mg
Explains V., < 1 that is unphysical (as in SM)
Doesn’t explain m, < mgy Explains V., < 1

Explains m, < ms
\

J

Y
Need to deconstruct EW gauge symmetry to explain m, < m4
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Towards the UV: possible origin of deconstructed gauge symmetry [digression]

Could be the last step in a multi-scale symmetry breaking pattern from fully Dvali. Shifman. hen-oh/0001072

deconstructed G = G; X G, X G3; scale hierarchy A; > A, > Ag Cacciapaglia et al, 1501.03818
Panico, Pomarol, 1603.06609

Example origin 1:

Can embed multi-site picture in a stable multi-brane model in 5d

Bordone, Cornella, Fuentes-Martin, Isidori, 1712.01368
Fuentes-Martin, Isidori, Lizana, Selimovic, Stefanek, 2203.01952

Example origin 2:

“Gauge flavour unification”: f’zl(SU(Z)L’i X SU(2)gi) © Sp(6), X Sp(6)r o
« 293 & 6: all SM fermions in just 2 fields ¥; and Wy

e Offers a “gauge answer” to “why 3 generations?”

Intermediate

* Higgs & (6, 6); EW-breaking vev also breaks flavour symmetry

Davighi, Tooby-Smith, 2201.07245
Davighi, 2206.04482

IR

uotjedgrunay

TOTIIMNIISUOII(T


https://arxiv.org/abs/1712.01368
https://arxiv.org/abs/2203.01952
https://arxiv.org/abs/hep-ph/0001072
https://arxiv.org/abs/1501.03818
https://arxiv.org/abs/1603.06609
https://arxiv.org/pdf/2201.07245.pdf
https://arxiv.org/abs/2206.04482

3. Deconstructed flavour symmetry vs Naturalness
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TeV scale solution to flavour puzzle, via non-universal gauge interactions, is
a phenomenologically viable possibility

If SUSY / compositeness doesn’t kick in until 10 TeV (to resolve the large

hierarchy problem), we should ask: Asysy? 10 TeV
Have we made the little hierarchy problem (% tuning in M) worse? Aoy - 1TeV

Goal for rest of talk: VEw ——

Use stability of Higgs mass to identify natural TeV scale models of flavour
consistent with current data. We will see these models have rich pheno

Davighi, Isidori, Pesut, 2212.06163

Davighi, Isidori 2303.01520

Davighi, Stefanek 2305.16280

Davighi, Gosnay, Miller, Renner (work in progress)
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Flavour non-universality vs. Naturalness

Allwicher, Isidori 2011.01946
Davighi, Isidori 2303.01520

Naturalness criteria: SM7 < (125 GeV)? (aggressive), SM7 < (TeV)? (little hierarchy)

Deconstructing EW symmetries give 1-loop Higgs mass corrections:
(recall we need this to explain m, < ms)

= M7 ~ 1 2 M?
@ g\/‘} h 16”29L/Y L)Y
W- - n-d=I -k

(3

N

s I

Deconstructing colour gives 2-loop correction, but with big couplings:

jf
-

L

G
[ = &M}~

9+

(

1612

2
) giyiM;,

Natural mass ranges:

2.5 (20)TeV

My s
L
M, <5 (40) TeV

Zy

T

Since gyf\égL, which

also gives safer pheno
(more later... )

M./ < 10 (80) TeV
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Semi-simple completions

In 2303.01520 (JD, Isidori), we made an additional assumption:

Model has semi-simple embedding in the UV i.e. no fundamental U(1) gauge symmetries
(explains hypercharge quantisation; has a shot at being asymptotically free)

24
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Semi-simple completions

In 2303.01520 (JD, Isidori), we made an additional assumption:

Model has semi-simple embedding in the UV i.e. no fundamental U(1) gauge symmetries
(explains hypercharge quantisation; has a shot at being asymptotically free)

Semi-simple embeddings of the SM are classified™; surprisingly few possibilities!

3 generation subalgebra 339
Algebra: s0(10) & su(2)
(16,1), (0,0,0,0,1,0) v+ (D, E,L,N,Q,U)

Allanach, Gripaios, Tooby-Smith, 2104.14555

| Qe GinoLy - wPERLLNNOQUD) |
. . . | 0010001

All options use one of the basic “vertica | (?ggg;g):
I 364020/!

* Pati—Salam SU(4) x SU(2) x SU(2) Pati, Salam, 1974 | R ity i

|II

unification patterns:

(16), (0,0,0,0,1) v (D, E, L, N, Q,U)

(16), (0,0,0,0,1) > (I, E, L, N,Q, )

. 16), (0,0,0,0,1 D,E,L,N,Q,U

« SU(5) Georgi, Glashow, 1974 rofection matix o cv )
. . . . 00001
« S0(10) Georgi, 1975 and Fritzsch, Minkowski, 1975 10000

*assuming no extra chiral fermions


https://arxiv.org/abs/2303.01520
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.10.275
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1063/1.2947450
http://dx.doi.org/10.1016/0003-4916(75)90211-0
https://arxiv.org/abs/2104.14555

Semi-simple completions

In 2303.01520 (JD, Isidori), we made an additional assumption:

Model has semi-simple embedding in the UV i.e. no fundamental U(1) gauge symmetries
(explains hypercharge quantisation; has a shot at being asymptotically free)

Semi-simple embeddings of the SM are classified™; surprisingly few possibilities!

3 generation subalgebra 339

Algebra: s0(10) & su(2)

(16,1), (0,0,0,0,1,0) s (D, E, L, N,Q,U)

(16,2), (0,0,0,0,1,1)— (D, D,E,E,L,L,N,N,Q,Q,U,U)

Allanach, Gripaios, Tooby-Smith, 2104.14555

Projection matrix for a:

|II

All options use one of the basic “vertical” unification patterns:

1 I
1 I
1 I
1 I
1 I
| I
1 I
1 I
1 I
1 I
1 I
| . I
I
I
H . | 3 generation subalgebra 340 !
d Patl Salam SU(4) X SU(Z) X SU(Z) Patl, Salam, 1974 I Algebra: so(10) !
E— I (16), (0,0.0,0,1) v (D, Q. |
I (16), (0,0,0,0,1) > (D, I
: (16), (0,0,0,0,1) — (D, "
| Projection matrix for a: 1
I
i |
1 I
| I
1 I
1 I
1 I

E,L,N,Q
B, LN, Q,
E,L,N,Q

Georgi, Glashow, 1974

Georgi, 1975 and Fritzsch, Minkowski, 1975

BUT SU(5) & SO(10) feature LQs that give tree- . ¢
level proton decay! = My = GUT scale

So SU(5) & SO(10) -based options cannot appear X

in our low-scale, natural models

q q *assuming no extra chiral'fermions


https://arxiv.org/abs/2303.01520
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.10.275
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1063/1.2947450
http://dx.doi.org/10.1016/0003-4916(75)90211-0
https://arxiv.org/abs/2104.14555

End up with a small class of natural models at the TeV scale; all feature 3" family quark-lepton unification

Gy x Gg x Hy9
GU ___________ G3 le
1| SU@2);L SU4)Blx Su(2)} SU(3)12 % U1, x U(1)L?
2 | SU(2)R SU4)B x SU(2) SU(3)112 x SU2)1 x Uu(1)R2
3| SU®M) | SU(2); x SU(2) SU(2) 2 x U(1) R
4| 0 [[Su@Bixsu@xsu@) | sue)txsu) xum)i?, xum)h?

- -

\ ) J
| | |

Higgs and Y5 Y12, small impact on M,% , can be UV completed at higher E
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End up with a small class of natural models at the TeV scale; all feature 3" family quark-lepton unification

Gy x Gg x Hy9
GU ___________ G3 le
1| SU@2);L SU(4)Blix SU2) 5 SU(3)12 % U1, x U(1)L?
2 | SU(2)R SU4)B x SU(2) SU(3)112 x SU2)1 x Uu(1)R2
3| SU®M) | SU(2); x SU(2) SU(2) 2 x U(1) R
4| 0 [[Su@Bixsu@xsu@) | sue)txsu) xum)i?, xum)h?

- -

\ ) J
| | |

Higgs and Y5 Y12, small impact on M,% , can be UV completed at higher E

Option 1 is new, and has naturally suppressed RH fermion mixing M vE ~ ( R ?)
€EQER

Option 2 needs large tuning due to large RH mixing x x vFE (GL EQGL) i
e 1
Ur

Option 3 is ~unnatural: flavour-universal SU(4) breaking must be = 200 TeV dueto K; —» etu~

d
Option 4 has been used in various UV flavour models: Bordone, Cornella, Fuentes-Martin, Isidori, 1712.01368;
Fuentes-Martin, Isidori, Lizana, Selimovic, Stefanek, 2203.01952; Davighi, Isidori, Pesut, 2212.06163 28



https://arxiv.org/abs/1712.01368
https://arxiv.org/abs/2203.01952
https://arxiv.org/abs/2212.06163

4. Flavour deconstruction (at natural scale) gives rich
phenomenology

M. < 10 (80)TeV My, S 2.5 (20) TeV My S 5 (40) TeV
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Deconstructed SU(3) gives ‘coloron’ G ~(8,1),

Deconstructed SU(4) also gives vector leptoquark U;~(3,1),/3 +Z', M < 10 TeV
* Pheno of these particles has been well-studied in connection to B-anomalies
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b 4
1 |
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Aebischer, Isidori, Pesut, Stefanek, Wilsch 2210.13422
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LN IR A

0.1—

3.0 3.5 4.0

M, el [TG‘V]

M < 10 (80)TeV

Plenty of natural
parameter space
not yet probed

(but remember
this option does
not explain

m, /ms hierarchy)

Cornella, Faroughy, Fuentes-Martin, Isidori, Neubert 2210.13422

No clear “prediction” for an anomaly in Ry ; if M = 10 TeV, ARD(*)~1O‘3RIS)Z[) (undetectable)
e Still, a sizeable (up to 10%) deviation is a plausible signature of these models
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https://arxiv.org/pdf/2210.13422.pdf
https://arxiv.org/pdf/2210.13422.pdf

My, S 2.5 (20) TeV

Deconstructed SU(2), gives weak triplet: important constraints from B, mixing + LHC + EWPOs

w.i.p. with Sophie Renner, Alastair Gosnay, David Miller

3.0/
[ g3

V9t + 95

CMS di-muon exclusion

[ 0 = arctan
2.5}

2.0

ATLAS single muon exclusion

[ ATLAS di-tau exclusion
1.5
[ ATLAS single tau exclusion

1.0 [ —— Combination: muon and tau channels only

—— Combination: electron, muon and tau channels

0.5 _ 1 7 Non - perturbative g,

LHC searches all using 139 fb™1:
2002.12223, ATLAS-CONF-2021-025, CMS,
2103.02708, ATLAS, 1906.05609

0.0/

O‘lll5““10‘l”15.

M23/ TeV

N . Computed using HighPT package:
B B, mixing (up-alignment) Allwicher et al, 2207.10756

O Bs miXing ([Vd]23=Vcb/2)
(If down-alignment, there is no constraint) 31


http://arxiv.org/abs/2002.12223
http://cds.cern.ch/record/2773301
http://arxiv.org/abs/2103.02708
http://arxiv.org/abs/1906.05609
https://arxiv.org/abs/2207.10756

My, S 2.5 (20) TeV

Deconstructed SU(2), gives weak triplet: important constraints from B, mixing + LHC + EWPOs

3.0

25|
20,
1.5f
10

0.5}

0.0/

.5‘.“1011"15.I..20

M23/ TeV

[ Bs mixing (up-alignment)
O Bs miXing ([Vd]23=Vcb/2)

(If down-alignment, there is no constraint)

w.i.p. with Sophie Renner, Alastair Gosnay, David Miller

—— Included

EWPOs

My 2 8 TeV

25 50 75 100 125 150 175 200
Mas/ Tev
Computed using smelli package:

Aebischer, Kumar, Stangl, Straub
1810.07698

Built on Wilson and flavio
Aebischer, Kumar, Straub 1804.05033
Straub 1810.08132 32



https://arxiv.org/abs/1810.07698
https://arxiv.org/abs/1804.05033
https://arxiv.org/abs/1810.08132

Deconstructed U(1)y gives Z': arguably most natural possibility, double benefit from gy < g;
smaller Higgs mass correction

1.
2.

smaller NP effects

We built an explicit model in 2305.16280 (JD, Stefanek)

P pr){Pg)

Ay,

(®q)
Aq
1 ) ’

yeN(

TeVSSB U(1)y,, X U(1)y, » U(1)y by two scalars @, 4, Higgs charged under U(1)y,

(Pm)
Yu.d ™~ (( A

(@)

o (‘?\H)
CIBIC )

A Ay

Field | SU3). | SU(2)r | U(1)s | U(1)12 | Generates:
H12 1 2 0 1/2 Ye,s,pu,d,es Vus
QLR 3 2 1/6 0 Vebs Vb

Light Yukawa couplings generated by UV states at ~10 TeV (provide U(2)-breaking spurions):
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https://arxiv.org/abs/2305.16280

Deconstructed U(1)y gives Z': arguably most natural possibility, double benefit from gy < g;
1. smaller Higgs mass correction

2. smaller NP effects MZ{, < 5(40)TeV

We built an explicit model in 2305.16280 (JD, Stefanek)
1.0 ——

_—— B mixing (with up-alignment! Suppressed by Y, gy)

0.8 i |\ 1 = B — uu exclusion

Electroweak fit (1 sigma) using a new My, average

S
= 0.6 — Electroweak fit (2 sigma exclusion) excluding CDF Il My,
(=)
| R, 000 1 === High pr exclusion (recast of pp — ee, uu, Tt searches)
= b
5 04 ——  Percent tuning in M?
r || A“natural” explanation of fermion mass hierarchies
0.2
MZ’ = 4 TeV
Y
0.0 More natural than the W, option as anticipated

2 4 6 8 10 12

My [TeV] 34


https://arxiv.org/abs/2305.16280

Future prospects: FCC-ee

* Huge luminosity compared to
LEP (1 LEP worth of Z boson
events few minutes)

* Plan: 4 years running on Z pole

Outcome:
* Huge leap forward in EW
precision (“Z pole”) observables

See e.g. FCC report for Snowmass 2203.06520
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https://arxiv.org/abs/2203.06520
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FCC-ee also has great potential in important flavour observables e.g. BR(B — Kt*17)

Li & Liu, 2012.00665
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https://arxiv.org/abs/2012.00665

A key pheno message:

An EW precision machine like FCC-ee easily has power to completely exclude
natural parameter space of this deconstructed U(1)y model of flavour —
which we identified as the most natural option in absence of SUSY /
compositeness below 10 TeV



... and what of the large hierarchy problem?

“UV problems” that remain:
1. Resolve 1-2 sector at ~1000 TeV
2. Neutrino masses... eg by see-saw from near GUT scale ~101? TeV

3. Quantum gravity at Mp; (*wave hands®)
We imagine SUSY / compositeness could still enter ~ 10 TeV, protecting M,Zl from the deep UV
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... and what of the large hierarchy problem?

“UV problems” that remain:

1. Resolve 1-2 sector at ~1000 TeV

2. Neutrino masses... eg by see-saw from near GUT scale ~101? TeV

3. Quantum gravity at Mp (*wave hands™)

We imagine SUSY / compositeness could still enter ~ 10 TeV, protecting M,Zl from the deep UV

&‘ Higher physical scales

An inversion of MFV paradigm
E8) 5>  Very fla\{ou red physics
> Compositeness or SUSY (non-universal gauge
10 TeV interaction) enters at TeV
U, G, 7' to' explain flavogr, but
W'e, Z' e without worsening the
1 TeV VLFs little hierarchy problem
. . e Higgs is properly stabilized
100 GeV W, Z, h, 3" family fermions at higher scales, say 10 TeV

Light Yukawas (naturally suppressed) 39



Summary

1. Flavour could be explained at TeV scale, without worsening the little hierarchy problem

2. Deliver accidental U(2) symmetries by deconstructing SM gauge symmetry; get flavoured heavy
versions of the SM gauge bosons

3. Must deconstruct part of EW symmetry to explain fermion mass hierarchies; inevitably gives large-ish
1-loop Higgs mass corrections, so naturalness favours a low scale

Most natural option is to just deconstruct hypercharge near TeV scale

If also require semi-simple UV gauge group, expect 3" family quark-lepton unification

Rich TeV pheno in colliders, flavour, and EWPOs. FCC-ee has huge potential to probe it.

SUSY or compositeness could still kick in at higher scale O(10 TeV) to stabilize H from the deep UV

N o Uk

Thanks!
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