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The Flavour Challenge Flavour in the SM

@ The SM gauge-kinetic sector is flavour-blind
flavour symmetry: U(3)o x U3)u x U(3)p x U(3)L, x U(3)E
for 3 copies (“generations”) of 5 types of fermion multiplets (Q, U, D, L, E)
o flavour-symmetry breaking encoded in SM Yukawa sector:
Lok = —YZ Q°HU® — YEP Q°HD® — Y2 L°HE® + h.c.
— 54 real parameters in 3 complex 3 x 3 Yukawa matrices

@ Yukawa sector preserves “accidental symmetries”

Ul)p xU()e xU1), x U(1),

= 54— (5-9—4) = 13 observable flavour parameters:

6 quark masses, 3 lepton masses, 3 CKM angles, 1 CP phase



The Flavour Challenge Proliferation of flavour-specific couplings beyond the SM

Standard Model:

@ 54 — 13 flavour parameters from Yukawas

@ ”natural” value for top-Yukawa:
yr ~O(1), while vy <1
@ small CKM angles  (from (Ur, Dr,) rotations)

010 K 033 K 013 ~ 012093

@ other rotations (U,D,E,L) not observable
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Beyond the SM

@ Any generic extension of the SM adds
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|II

@ No a-priori information about "natural” size

@ 54 — 13 flavour parameters from Yukawas of dimensionless couplings

@ So far, no direct hint for NP mass scale
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The Flavour Challenge Proliferation of flavour-specific couplings beyond the SM

Beyond the SM
@ Any generic extension of the SM adds
Standard Model: (many!) new flavour-specific couplings
@ No a-priori information about "natural” size
@ 54 — 13 flavour parameters from Yukawas of dimensionless couplings
I e YUk @ So far, no direct hint for NP mass scale
@ “natural” value for top-Yukawa:
P @ flavour mixing from right-handed quarks
g ~ O(1), while yz < 1 and charged leptons, too )
@ small CKM angles  (from (U, D) rotations) Example: SMEFT
019 < Oo3 < 013 ~ 019093 Assuming unbroken baryon- and lepton-#:
@ 2499 new parameters @ dim-6
@ other rotations (U,D,E,L) not observable most of them related to flavour-specific

2- and 4-fermion operators

[Buchmiiller/Wyler '86, Grzadkowski et al. 2010] )




The Flavour Challenge Assumptions about the NP flavour sector

perfect flavour symmetry + flavour-blind observables constrain NP scale

U(3)5 @high scale — new flavour effects from RG, only
— working assumption not RG-invariant




The Flavour Challenge Assumptions about the NP flavour sector

perfect flavour symmetry
U (3)5 @high scale J

generic O(1) couplings + no specific flavour assumptions

no symmetry constraints — flavour constraints imply huge NP scales
— dim-4 Yukawas are fine-tuned (natural?)




The Flavour Challenge Assumptions about the NP flavour sector

perfect flavour symmetry
U(3)5 @high scale

-+ RG covariant

+ SM-like suppression of rare flavour decays
Minimal Flavour Violation + correlates high-energy and flavour observ.
ST IR Yy Vs Vi) WRUE LY. still too restrictive?

— reversed logic? (IR — UV)

[D’Ambrosio et al. 2002, Buras 2003]

generic O(1) couplings J
3

no symmetry constraints




The Flavour Challenge Assumptions about the NP flavour sector

perfect flavour symmetry
U (3)° @high scale J

Minimal Flavour Violation
expand in Yy, Yp, Yg from SM J

-+ RG covariant
Froggatt-Nielsen Scenario + self-consistent flavour power counting
ingle U (1) brok uv
LGSR S — (too?) large NP flavour effects

[Froggatt/Nielsen '79]

generic O(1) couplings

no symmetry constraints




The Flavour Challenge Assumptions about the NP flavour sector

perfect flavour symmetry
U (3)° @high scale J

Minimal Flavour Violation
expand in Yy, Yp, Yg from SM J

12

Froggatt-Nielsen Scenario
a single U(1) broken@UV J

no symmetry constraints

generic O(1) couplings J




Froggatt-Nielsen Approach: [Froggatt/Nielsen 1979]

e fermion generations have different charges under U (1)pn (breaks U (3)%)
@ spontaneously broken by VEV of a charged scalar field (”spurion”)
— power-counting parameter

)

= ——— = Ocabibbo == 0.2
Auv

@ hierarchical Yukawa entries from # of necessary spurion insertions

Yij ~ /\‘A‘Iiy ‘

dictated by charge differences

— FN charges also fix the scaling of SMEFT operators see e.g. [Bordone/Cata/TF 2019]



Quark Yukawas from Spurions The approximate flavour symmetry of the SM

@ quark flavour symmetry of the SM gauge sector: G = U(3)?/U(1)p
@ lepton flavour symmetry of the SM gauge sector: Hy = U(3)2/U(1)%i

@ But: top-Yukawa coupling is O(1) — explicit symmetry breaking
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Quark Yukawas from Spurions The approximate flavour symmetry of the SM

@ quark flavour symmetry of the SM gauge sector: G = U(3)?/U(1)p
o lepton flavour symmetry of the SM gauge sector: ~ Hy = U(3)?/U(1)}
@ But: top-Yukawa coupling is O(1) — explicit symmetry breaking

= Starting point: Approximate flavour symmetry of quarks in the SM

G1 = SU(2)Q X U(2)U X U(3)D X U(l)(stUs)

o allowed dim-4 operators with O(1) couplings:

Higgs self-coupling:  (HHT')?
Top Yukawa: Qs H Us + h.c.

Lesson: All operators consistent with G; x H, may have O(1) coefficients




Quark Yukawas from Spurions Dim-6 operators with O (1) couplings in SMEFT

AutoEFT package:
@ generate set of operators allowed by user-defined symmetries

here: SM + flavour symmetries
[Harlander/Schaaf 2023]

dim-6 operators with G; x Hy symmetry:
@ 22 operators without quark fields

@ 27 two-quark operators dim-6 generic  Hy GixHo U(@3)°

@ 33 four-quark operators no-quark 258 22 22 22
2-quark 1251 261 27 11

— sufficient for (flavour-diagonal) 4-quark 990 990 33 14
Higgs and top observables DY 2499 1273 82 47

— non-diagonal flavour transitions:
include operators that violate G1 x Hy



Quark Yukawas from Spurions Specifiying the flavour hierarchies

@ To be specific, we consider the standard Wolfenstein scaling for the CKM angles,
012 ~ X, Oz~ N, 13~ NP
together with
Yo ~ A%, g~ AL s~ A e~ A,

@ adjusting the according FN charges would lead to

AG At A8 AC AT N 1
Yo~ X X A2, Yp~ A At M Vexkm
AP A PP !

—~ Vv = —~ Vp —



Quark Yukawas from Spurions Specifiying the flavour hierarchies

@ To be specific, we consider the standard Wolfenstein scaling for the CKM angles,
012 ~ A, Oz ~ A%, 013~ N\
together with
P~ A g~ AT e~ XY gua ~ A,

@ adjusting the according FN charges would lead to

PEEIP DN AC AT N T
Yo~ A A3 A2, Yp~ A A Vexkwum
A3 ABAZ N2 il

— Vv — ~ Vp —



Quark Yukawas from Spurions Step 1: Realizing (Y7 )32 ~ A
Yy~ |- . .
-
Our approach:

@ introduce spurions as smallest representations required to break appropriate subgroups of G

@ implement spurions in AutoEFT

@ break SU(2)y: dim-6 ‘ Hy O(\) 0(1)
charged doublet: Sy ~ 1./053 ~ A no-quark | 22 22

2-quark 261 14 27

4-quark | 990 18 33

@ residual flavour symmetry

G1 — Gy = SU(2)g x U(3)p x U(1)?

’ New operators for t — cp transitions at O(\) ! ‘

[for comparison: MFV would not induce any new operators at O(\) ]



Quark Yukawas from Spurions Step 2: Realizing (Y/)23, (YD)s2, (YD)3s ~ A2

Yy ~ Yp ~

o
:
o break SU(2)q:

charged doublet: S5 ~ 1,653 ~ \?



Quark Yukawas from Spurions Step 2: Realizing (Y/)23, (YD)s2, (YD)3s ~ A2

Yy ~ Yp ~

, 2 .
: :
e break SU(2):

charged doublet: S5 ~ 1,653 ~ \?
e break SU(3)p:

two charged triplets:  S5.4 ~ y;, ~ A2

‘ — large O(1) transitions bg — sg




Quark Yukawas from Spurions Step 2: Realizing (Y/)23, (YD)s2, (YD)3s ~ A2
YU ~ . )\3 H YD ~ . >\4 )\4
: :
o break SU(2)q:

charged doublet: S5 ~ 1025 ~ \*

o break SU(3)p: dim-6 | Ho 002 O\ 0Q)

two charged triplets:  S5.4 ~ y;, ~ A2 no-quark | 22 22
2-quark 261 41 14 27

‘ — large O(1) transitions bg — sg ‘ a
4-quark 990 42 18 33

@ residual flavour symmetry
G2 — G3 = U(l)r3

also realizes (Yi/)22 and (Yp)a2 and (Yp)as



Quark Yukawas from Spurions Including effects of order \°

@ Further break G3 — {} by charged singlets

dim6 | Ho | O0°)  0ON) 0O0H) 0N) 00 00 0()

no-quark 22 22
2-quark 261 18 58 49 54 41 14 27
4-quark 990 116 158 109 66 42 18 33
sum 1273 | <—825¢ 691+« 475« 317 197+ 114+ 82

@ 2-quark operators “saturate” at O(\%)

@ still & 40% of the 4-quark operators are suppressed by more than \°



Quark Yukawas from Spurions Comparing with FN (and MFV)

— preliminary —
Two-quark operators
261 gt H, . .
1 e Scenario Symmetry  Spurions
FN U(l)pn  1singlet
w2 T this work G1 2 triplets
Q e e
g F}Y” L 2 doublets
& 150 ~ L A
=% s .
2 L ™ this work 3 singlets
o L e MFV Go 2 bi-triplets
g 100 e L
2 el e
1] /,r ,',.
“ @ stronger )\ suppression
1 [ 3 -
e _-¢ MFV
N 3 Gy x Hy compared to FN
LI i i i i i ~| Gox Hy @ weaker ) suppression
0 1 2 3 4 5 6

1 compared to MFV
0gx

..implementation of MFV in AutoEFT non-trivial, due to non-homogeneous power-counting ...w.i.p.



@ we have provided an example for a flavour scenario inbetween MFV and FN
@ RG-covariant
o self-consistent power-counting in A
o based on simple spurion representations with homogeneous A scaling
o implemented in AutoEFT

@ can be used as a benchmark in global SMEFT-based fits

o order of magnitude for Wilson coefficients is pre-defined
e meaningful constraints on possible NP scale from collider and flavour data

@ further benchmarks to be constructed:

— more MFV-like: also allow for bi-fundamental spurion representations
— more FN-like: break some sub-symmetries by assigning different U (1) charges




— THE END —



Yukawas as spurions of MFV

[D’Ambrosio et al. 2002]

@ promote quark Yukawa matrices to spurion fields,
transforming as bi-fundamentals under the GG flavour symmetry,

Yo s VoYu Vi, Yoo VoYpV)
with Vo € U(3)o, Vo € U)u, Vb € U(3)p
@ use Yy and Y to make NP operators formally invariant under G, e.g.
cij Q (..U’
=y = (#Y0 AV Y + VDY + )

ij
with prefactors # ~ O(1).
@ in the SM basis, set

Yo = (Yu) = diag(yu, Ye, ¥¢) » Yp — (Yp) = Vexw diag(ya, vs, y»)



Spurion Flavour Symmetry Q@ d = 6

Standard Model with Gy x Hy flavour symmetry O(1)

Generated by AutoEFT 1.1.0-al

family types terms operators
8 8 8

6 6 6

28 49 49

7 10 10

1 2 2

2 2 2

1 1 1

12 57 82 82

He=GL® + WL + BLWLHH' + BL?HH' + GL?HH' + Wi 2HH' + BLTptr ' H + GLTntr ' H
+ Wi Tute ' H+2L,Qu Ly QU + 2 L UL ' Tt + Lidp Loty + Lyer'Lyter + Litr 'Ly g
+ Luunt Lofug + 2 L0200 +4QUTLQUI T + 2 Qudn ' Quldr + Quen'Quler + 2 QunQultn
+2Quun’Qulun +4Qu*Qu™ + 2Tudn Ty Tdn + Tren Tufen + 2 Totn T 'tn + 2 Toun T fur
+ 272731 + ditentdnen + 2dnttrtdrtn + 2 dnturtdrug + 2det dy? + en'trlentr + entur enun
+entlen® + 2tntuntrun + tr*tr® + 2urun® + 2LLHH L D+ 2QuHH QL' D
F 2T HHTL D + dp HH dg D + e HH e D + tp| HHtp D + ug ' HH g D + 2 H*H'* D?

+ more details ...

+ Tt H2HT + H3HT 4 he.
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