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The Flavor Problem #1

Of the SM. Where does the fermion mass hierarchy arise from?

— All flavor is encoded in Yukawa couplings (dim-4 operators)
— May well be explained in the far UV

L 1
LOYYpiH + O (A#>
No obvious
connection with the

TeV scale
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Of the New Physics.

New particles should interact with the SM via sizable couplings in order
to address the hierarchy problem. No evidence yet:

/ WHY?!

What is the flavor of the new physics?
How robust and generic is its flavor structure?
What kind of new physics is probed at colliders?

Defining connection to TeV
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In SUSY:

In the symmetric limit, flavor-violation analogous to the SM.

As an extreme and safest option one could assume the Yukawas are the only
flavor-violating parameters.

MEV is plausible and effective (e.g. Gauge Med., Gaugino Med.)

In models with strongly-coupled Higgs sectors:

No UV-complete (natural) description of flavor violation (only effective 4D or 3D)
Are there plausible options?

LD c|Oyl?+yY pith;Opr

\/’

Irrelevant!
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Best Flavor picture for Strong Higgs: Partial Compositeness

Operators of the - Interpolate resonances mixing with

Fundamental (SM) fermions \ /Strong Higgs Sector SM fermions (=partially composite)
i, (Y
LDON"Y;O, + C|O Opn

Definitely not

a bilinear...
qi Eza [EZ]jb uj
\\Q// 5 Aiaf\x17b In Anarchic scenarios
: > YV =cy—— =>»  Flavor hierarchy from renormalization
i 9= (wavefunction in extra-dimension)
H

Luca Vecchi Exploring the Flavor of the TeV Beyond BSM (2023)



Let's quantify the “problem™. Generic New Physics

d, 6] < 1071

p decay Ap > 10 Tev

V mMasses Ar > 10 TeV

KK AF P > 105 Tev

AF =2 AF:CF > 104 Tev

dp ~ e, 22 | AFP > (50 — 100) Tev
A2 6 "7 ¢z

dysey ~ e | AFCP >103 Tev

d, ~ Tse AF9P > 103 Tev

T parameter Agw 2 10 TeV

S parameter Apw 2 (2 —-3) TeV

Most serious problems from Flavor and CP violation
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. p decay
. vmasses |

KK T AR > 105 TeV
AF =2 AF CP > 104 TeV
d, ~ Mue 290D AEQP > (50 — 100) TeV
dysey ~ e | AP > 103 Tev

B = 3 - I E — < -

-r T parametr Apw—=1H0—TeV— | - i O
| S parameter Agw 2 (2 —-3) TeV ustodial O(4)
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Flavor-invariant
CPV not observed

v masses AT >0 —TFeV-
KK A; % 2 10° Tev

AF=2 | AP > 10* Tev

o~ Mel | AR9P > (50 — 100) Tev
d, ~ Tse AF9P > 103 Tev
T parameter Arw—=1H0—TeV—
S parameter Apw 2 (2 —-3) TeV

Either QCD axion (no connection with flavor violation) or
Small Flavor-invariant CP-odd phases < Nelson-Barr, Parity, etc
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d, Gl-<16=10
p decay A_B%_}ew
- KK AFQ’P > 105 TeV
AF = 2 Ag ,CP > 10 Tev
dn ~ p¥e, 4@? AS PP > (50 — 100) TeV
- dysey ™ ngie AF CP > 10% TeV |
; d - Pﬁe AFQ,P > 103 TeV |

T parameter

S parameter

AEW > (2 3) TeV

Flavor and (flavourful) CP violation
represent the main hurdles
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(1) What Flavor Hypothesis can allow New Physics at the TeV?
(2) How robust and generic are those?
Model-dependent questions.

— Flavor violation may come from bilinears (SUSY) or mixings (Strong Higgs)
— Model-dependent correlation between E-conserving & F-violating observables
— Model-dependent correlation between Indirect & Direct searches

— The correlation between tree-level & loop effects is model-dependent

We have to choose a concrete setup
with concrete hypothesis on the new physics
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We choose Partial Compositeness:

1) Best flavor scenario for strongly-coupled Higgs sectors
— Less studied than SUSY

2) Concrete example where Flavor-violation does not come from bilinears
— |s MFV an option?

3) Offers a potential solution of Flavor Problem #1: it is a Theory of Flavor
— tension between “Explaining Flavor” & “Being Clever”
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o Hypothesis
) Ly = AN%;0,
2) Resonances @ characterized by one mass scale m. and one coupling gsm S g« S 4. \

Integrating out the resonances we get the EFT (F-violating, F-conserving) Direct Vs

Indirect

LrrT = LsM—H LEFT g R g g vl T

g2 My My mi’/Z " 16727 16727 1672

\& Loops (if needed)

With coefficients that may or may not respect some symmetry...

3) Symmetries: B & L, O(4) Custodial
Flavor parameters are either generic (Flavor Anarchy) or have some structure
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£y = Ay /G« fermion compositeness

tal\*77b
Vil )\q Aul”” Flavor hierarchy from renormalization
v — Cab . . _ _
s (wavefunction in extra-dimension)

o wb gy b _ker_x1ld z
m? L leal e e T v’ T g
\ x 4-fermion operators

HypotheS|s

Direct resonance searches
controlled by the same g.., M, 5¢

AF=1 arise dominantly from (HTz D H) e v“W
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An actual Theory of Flavor: Anarchic Partial Compositeness
(Structureless O(1) flavor-violating coefficients)

KK AF P > 105 Tev m. 2 (20-30) TeV g
AF = AFCP > 104 Tev m. 2 (10 —20) TeV  §
do~ Rpe | AP 2 (50 100) TeV | m. 2 (50 — 100 TeV]
Ay—sey ™~ %6 Ag oF 2 10° TeV N
de ~ j5€ Ay % 2 10° Tev | my 2 10°% TeV | -
T parameter | Agw = 10 TeV 10— TeV -
S parameter | Agw 2= (2 —3) TeV ms« 2 (2 —3) TeV -
| | e /gn > (4 — 6) TeV P Theories of Flavor
Setting aside leptons... m. > (20 — 30) TeV — m2 < 10 are Unnatural

(=The Flavor Problem)
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Naturalness

Flavor un-explained
Collider-accessible
Small tuning

Anarchy

Flavor explained S0 e
m>20-30 TeV
1/1000 tuning

How close to the TeV can we go with
reasonable hypothesis on the flavor structure?
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MFV via Left-Universality (Left-Compositeness)

Lmix )\Zaﬂégfl + )\Zaafj?@g’
Strong sector has

U(3) Flavor symmetry Y 0O O
& gL Is “composite” N

k{) Eq 0 0 )\u — é 0 Ye 0
A.—=1 0 ¢ () . 0 0 Minimal Flavor
! 0 Oq J —> It Violation
=4 ya 0O 0
It < eq < 1. Ad = gi 0 wys O V(]]LKI\/D
gx - ’
0 0

(gL is a resonance if €=1)

U(3)g X UB)v+u X U3)pra
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qL qr

AF=2: safe (mediated at 1-loop) >:Oi< my = 0.53 TeV

qrL

0.69
m, = —— TeV

Y

AF=1: dominated by B—XY

m, = 7.5 TeV

mN\Y

Universality (MFV) severely
constrained by AF=0 data!
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Partial Left Universality: U(2)

Lnix \aqt, 0% + Nird R 04, o(1)

Strong sector has

U(2) Flavor symmetry Yu 0 0
& gL “composite” N o~ L 0 y 11y
U gq C qu
\4 “g O ’ aye  byc) Yt
Ag 0 e lg«@| 0 | g = '

0 0 Eqs ya U 0

1 2 1
Ye < 1 Yt < <1 )\dNa 0 Js Od@% 0
g_* ~ Eq g_* ~ €qs a’ys b/ys ( Ub

\ _ O(A) to reproduce CKM

— U(2)Q+q X U(1)g1q X U(3)y X U(3)4
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Best case scenario for Partial Left Universality:  0.02 <e, < 0.1 €4 S €¢5 ~ Yt/ 9+

A bit too small to interpret qL as composite...
|s there a robust alternative?

10| i ;

_ /) 057

\Cy
QL . i
+

l g Universal

| ) m LU(MEV) Full Left Universality U(3)
91 M pLU Partial Left Universality U(2)

555
2 4 6 8 10 12
m, | TeV]
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MFV with two doublets... (generic in O(5)/0(4))

Lonix = N9GL 0% + Ngh 0%+ Nuhb0% + NitdR 08,

Name Gstrong Universal Ay, Gpr Non-universal Ay,
Right Univ. U(3)U X U(S)D )\u X 1, )\d x 1 g X U(S)U—l—u X U(S)D_|_d )\ X Yu,Aqd X Yd
Left Univ.1 UB)y xU@B)p | Ag, x 1, A, x1 vrp X U(3)y x U(3)qg )\ x Y], AgxY]
Left Univ.2 U3)urp Ag, X 1A, x 1 Uip X UB)y XxUB)g | Ay x Y] A\gx Y'

Mixed Univ.l || UB)y x UB)p | Ay, x 1, g x 1 v XU@3)y XUB)p1d | Ay X YJr y Agy X Yd
Mixed Univ.2 || UB)y xU3)p | Ay x 1, A, x 1 D XUB)usu XUB)g | Ag, X Yy, A\g x YT

/ \

Symmetry of Strong Sector + (SM) Fermion Compositeness — MFV
& Universality

—~
o
~—

~~
o

—

L)

3
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MFV via Right-Universality (Right-Compositeness)

ﬁmix )\ZCL GLO )\Z&gLO )\Z&ﬂROa )\Z&dROEZL,
UV hypothesis:

U(3)xU(3) Flavor e, 0 0 Yo 0 O
!
k/) Au - ) - U 9 AQu ~ i 0 Ye 0
0 0 g 0 0 Minimal Flavor
— . .
e, 0 0 yqg 0 O Violation
)\d ~/ 0 Ed 0 g« )\qd ~ éVCKM 0 Ys 0
0 0 &4 0 0

g gx

UB)y xUB)p XUB)y XU(B)y xUB)a = U(3)y X UB)u4u X U(3) D14
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Compositeness (LHC) m, > 7.8g.c> TeV

Y

o Tension!
AF=2: safe (B meson) m, 2 —— TeV
g*gu
AF=1: dominated by B—X >O'69TV
= 1. dominate yb— Y M < Eu © Agashe et al (2006)

Semi-leptonic B decays suppressed by LR protection of O(4) (crucial for Ebb!)

0.9

Anomalous top couplings: LHC m. 2 — TeV

Neutron EDM: suppressed by MFV (2-loops)

m, = 7.2 TeV

M\

Universality (MFV) severely
constrained by AF=0 data! S,y N 1/ /g* z 0.3
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Partial Up-Right-Universality

UV hypothesis:
U(2)xU(3) Flavor

| e, 0 0 vy 0 0
>\u ~ 0 Eu | Y+ D 0 9 >\qu ™ % 0 Ye D 5i3 0
0 O Eus N ay. by, Yy

Ed 0 0 Yd 0 0

Ad~ |0 €4 0 ]9« Aqa ™ Udé 0 ys\ O

0 0 Ed 0 0 Yp

&<5u§17 %<5u3<17 %<Ed§1

Y Y

Jx Jx - Jx
U2)y xUL)y xU@B)p xU(3)y xU(3)y xU(3)4
= U(3)g X U(2)u+u X U(D)v4u X U(3) D
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Compositeness (LHC) m, > 7.8g.c> TeV
Tension relaxed!

0.6
AF=2: safe (B meson) m. 2 s TeV
=1: | B—X My 2 0-69 TeV
AF=1: dominated by B—XY T g, Agashe et al (2006)

Semi-leptonic B decays suppressed by LR protection of O(4) (crucial for Ebb!)

0.9

Anomalous top couplings: LHC m. 2 — TeV

Neutron EDM: new contribution from d-quark dipole d.

Physics at the TeV is allowed
by reasonable hypothesis: ¢, ~0.3 ey, ~1 (ga ~ 0.5)
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We can realize MFV even with composite right-handed quarks
Best case scenario is Partial Up-Right Universality: tR separated from uR, cR ¢, ~ 0.3, €,, ~ 1, ¢4 ~ 0.5

Luca Vecchi
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B osc.

\.
O
OO

‘\Qg%
< 95%

=2

Universal
m RU(MFV) Full Right Universality U(3)xU(3)

m puRU Partial|Up Right Universality U(2)xU(3)

C-QTree-level
- LHC (compositeness)+AF

D H

B pRU  PartialRight Universality U(2)xU(2) '>

D
Q0

10 12 Safe from
m. [Te\/] tree dipoles
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— New physics directly accessible at colliders (competitive spin 1/2 & 1 searches)
— Modest tuning (only from Higgs vev)

— Compositeness reasonably large (0.3<e€<1) to justify our hypothesis

12———————
| . N |
10 F E ‘\ggg _
| P> : 95%
L % |
QL .
‘ i
- %
m 6 T_) /(;)\ ]
| 5 0 Universal
Higgs quartic is right | N _
3242 o2 AE N\ S 8 m RUMFV) Full Right Universality U(3)xU(3)
)\H -~ 167‘(‘2 -~ AH’SM (?) : \1 \d\ CE) RU i : . . .
_ S 3 H pu Partial Up Right Universality U(2)xU(3)
2,2
g*UQ ~ (5+10)% 2 " B osc. . % B pRU  PartialRight Universality U(2)xU(2)
T N M : T I S S S
2 4 0 3 10 12
m, | TeV
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General lessons
Moving from Full (or U(3)) to Partial Universality (or U(2))

— Relaxes the most stringent AF=0 constraints, which kill Full Universality

— Still secludes CP-violation (both up & down needed in EDMs: enough to avoid constraints)
— AF=2 transitions do not worsen significantly (basic MFV mechanism is still at work)

— Flavor-violating Higgs couplings never important

— Tree-level dipoles for B—XY are dangerous, except in Partial Up-Universality (MFV in down)
— The lepton sector is a different story...
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Partial Universality in the Lepton Sector?

UV hypothesis: Partial Right-Universality

K e 0 0 Ye 0 0
e~ |0 ec]ge®| 0o = S~E[ 0y, e |0
< 3

ary, ey, UYr

M. ph—eY too large unless
Cezi ~ 66(@656)—2 (yu/%)g — cis 1-loop
m
* — ab=few%
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Rough projections:

AF=2 (~x4 from HL-LHC),

AF=1 (~x4 from LHCb and Belle Il),
AF=0 (~x2-4 from HL-LHC)

22— . 12 o
10 : ] 10 ]
: _195% | 95%
]l —'; ] QL ]
i = i
x E@B‘ *x
- 6L ) D 6L _ )
] z Universal
Universal _ S
4 4k = m RUMFV)
: < m LUMFV) : S e ouRU
L I . pU
2—_ \ -pLU 2; \ E
.|...|.NN.| ...... *E_Ll:.]|.., .|...|.N_1...|...|.:.*,..|...|
2 4 § 8 10 12 14 16 18 2 4 § 8 10 12 14 16 18
m. | TeV] m [TeV]
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Conclusions

>k Flavor is (and has been) one of the major “problems” for naturalness:

A concrete picture is required to guide our expectations and plan future
>k To explore options and consequences: have to make hypothesis on UV

We assumed flavor symmetries:

— No explanation of structure (originated from higher scales)

— But can identify viable patterns and correlations to be tested at colliders
>k Plausible scenario with “composite uR” and approximate U(2)xU(3) exist
3k “Composite glL.” is perhaps less justifiable: any compelling picture?

2 MFV is NOT the best option for strong Higgs (and hence SMEFT)
%k We reach 10% tuning with physics directly accessible at LHC
To be compared with 0.1% of a theory of flavor: which is more natural?
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