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The Flavour Puzzle
Yy Empirical
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The Flavour Puzzle

Empincal
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e Small yy— natural a la t' Hooft.

® [Enter the theory in the same way. Why hierarchies???
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The Flavour Puzzle

Empinical

The neutrino sector Is different

The success of the SM(EFT)?
4

— LoMERT D ALV&YVZJ@HH
1) High-scale A,
.:' predicts a mass gap! 2) Large/Anarchic mixing!
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A unifying picture of flavor...

? ... generate hierarchies in the charged

~ sector while keeping neutrinos anarchic
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A unifying picture of flavor...

? ... generate hierarchies in the charged

Approximate global U(2)

Barbieri et al; hep-ph/9512388, hep-ph/
9605224, hep-ph/9610449, ...

Our revision:
Antusch, AG, Stefanek, Thomsen: 231 1.09288

sector while keeping neutrinos anarchic

Live in Sarajevo 1997
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f’L YV f)]Q Hierarchies from U(2);

U2)=SUQR)xU()  IRREPs ~2, .~
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f’L YV fl{e Hierarchies from U(2);

1
UQ2)=SUQR)xU(l)  IRREPs L2 ~2,  PLfi~1,
- L_
Step A
Exact symmetry limit
"~ (ane)”
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Accidental U(2)g
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f’L YV fl{e Hierarchies from U(2);

S
UQ2)=SUQR)xU(l)  IRREPs L2 ~2,  PLfi~1,
- L_
Step A Step B
Exact symmetry limit Leading (small) breaking
v o ( >}U(2) V2 — <O> ~ 2+1
e \ “ fLVN 1o
U(3)g rot
[ ) U2) = U)
_ = 1>a>0
Accidental U(2)g
m3750,m1,2=0 m3>>m2>0,m1=0
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f’L YV flfq Hierarchies from U(2);

UR2) =SUR2) x U(1)

Step A

Exact symmetry limit

UQB)r rot&

L

\/_/
Accidental U(2)g

m3§é0,m1’220

S
L .
IRREPs 1 ~20  f.fi~1
- L_
Step B Step C
Leading ( ) breaking Subleading breaking
0 b
V2:<>N2+1 V1=<O>N2+1
fLVN 1
UR2) - U) -0
1 >a>0 l>a>b>0
m3>>m2>0,m1:() m3>>m2>>m1
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U(2);: Singular value decomposition

— . YRt
Y=L YR,
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U(2);: Singular value decomposition

— . YRt
Y=L YR,

b b b RO~ 6(1) rot b b b
Y~ |la a a —» YD~ O a a
1 1 1
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U(2);: Singular value decomposition

— . YRt
Y=L YR,

b b b RO~ 6(1) rot b b b
Y~ |la a a —» YD~ O a a
1 1 1

0 0 1

Perturbative diagonalisation: YV = L](CO) ?R}m

X b 0 0 1 bla b
Y~{0 a 0 L]S‘”rv 1 «
0 0 1 i 1
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UQ2)p 2

R s
| T 2, Jos S ~ 1

L(O) O(1) rot.
e Yo
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l
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—
S S &
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0
0
1

Perturbative diagonalisation: YV = L](Cl) ?R}O)T

X b 0 O 1 bla b
0 0 1 1
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How can this be applied to
the SM flavor puzzle?
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Quarks

Impose U(2),, : ~ 2.1 all other singlets

q7

Imposing U(2), =
UR2),xU2),is

accidental at dm-4

* Both XA(M and ?d hierarchical

o Verm ® L,SO)TLEZO) hierarchical

—>
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Quarks

Impose U(2),,

—>

Leptons

Impose U(2), :

—>

|~ 2., all other singlets
qr

* Both XA(M and ?d hierarchical

o Verm ® LISO)TL;O) hierarchical

Imposing U(2), =

UR2),xU2),is
accidental at dm-4

e |
, |~ 2., all other singlets
€R
e Hierarchical \A(e and LZ(O) ~ O(1).
® No selection rules on the dim-5> Weinberg operator
D

MNS ~ O(1)
17
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A single U(2) to rule them all?
U(2)

U(2) is Right for Leptons and Left for Quarks
Stefan Antusch, Admir Greljo, Ben A. Stefanek, Anders Eller Thomsen (Nov 15, 2023)
e-Print: 2311.09288 [hep-ph]

q-+e

e Nine hierarchies in terms of two small parameters:
Y} > 7>y (x3forf=u,d,e)
I>a>b>a =
1> |Vus| > |Vcb| > |Vub|
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Refining the picture

T @

102 b T e \What about y,,y, ~ 107 ?
@ @ o d' & e' spectrum seems |
104 compressed compared with u'.

@@@

10~
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U(2)g+ec+u

e Up-quarks also charged @ @ @ >

under the U(2):
2

2,10° Zyoab z,3b a @ @
YZ,Z: yulab yu2a2 Yu3ld <:> l)/(l
d

xulb Ly2d  Ly3

(bla)? ©
W

® Double suppression in the
up-quark spectrum!
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U(2)g+ectue X Zz

e [!,d\ are Z,-odd @

©

2a1b zqab  z43b 2
Y, =V, ( Ya2a ydsa) a @ @ >
zp1b @ @
Ye=Vz (zezb Y20 ) (b/a)z > bla
d

2030 Yp3a xp3

o V,— 7, spurion @ @

e 2HDM-Il tan~! B (SUSY?)
<Hu> =>> <Hd>
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U(2)g+ectue X Zo

Fixing three spurions,
(Vz,a,b) = (0.01,0.03,0.002)

predicts the order of magnrtudes for all flavor parameters (neutrinos++).

Fit of O(1) parameters:

20 =014  yp =20 T3 = 1.0
2dl — 0.50 Yd2 — 0.66 Lds — 1.0

Zae = 2.2€'* 243 = 1.8¢! P12 g0 = 1.36HA7)

22 Antusch, AG, Stefanek, Thomsen:; 231 1.09288
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U(2)g+ectue X Zz

Q:Why do q, u, e feel U(2) flavor but [, d don't!

A:SU(S) GUT...
g—)(g,l)l @(1,2)_1 d® and /
3 2
10 — (3,2)1 ®©(3,1) 2 & (1,1) g,u‘ and e°
6 3

U(2)10 = U(2)gtectue

23 Revisiting SUSY GUT predictions, [wip]




The UV origin of
approximate U(2)



Admir Greljo | Revisiting the Flavor Puzzle

The UYV origin of U(2)

® Gauge the SU(2) part

SU(2)

SUQ)e  SUQ)

q+e q+ec+uc
anomaly-free anomalons anomaly-free
AG, Thomsen; Antusch, AG, Stefanek, Wi
2309.11547 Thomsen; 2311.09288 P

*Neutrinos need an
elaborate structure

25
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SM X SU(2),,, gauged

Dim-4 Dim-5 Dim-5 RG
H 0 H o H
E R 2 el
: > NS > SN
| A S 4 N ’
é i -
2 1
R A

AG, Thomsen; 2309.1 154/

0 ~
e The SM-singlet scalar ® ~ 2 of flavor: (DY) = ( DY = P CD;';
Vo
*2nd family *| st family

20
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Gauged flavor

Uuv

VLF Vo

EW
IR

AG, Thomsen; 2309.1 154/

27
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Gauged flavor

|OAY

O H & .
o | q‘.Q?,Zp é‘.L"e
SU(2 p
<@> - (—)q—+£ yp PS unification mgy = my, wip
* AsingleVLQ = Y is Rank 2
] — @
EW Yo || —a
17
IR 17

e Accidental U(1):
AG, Thomsen; 2309.1 154/ Massless | S't fam||>/|
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Gauged flavor

uv ° !nstead of new UV states,
introduce IR states.
o H
VLF A o, L.t
: Sw!
SU(2) g+ C

<(I)> - - - /ll“-‘"
LQ fi  Ir

EW ® [he obtained Yukawas are
mainly insensitive to their

IR masses! ~ log mg/mqg

AG, Thomsen; 2309.1 154/
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Gauged flavor

uv ° !nstead of new UV states,
A introduce IR states.
o H
VLF — A
: Sw!
SU(2)g+¢ C

<(I)> -T-— - - - /ll“-‘:
LQ fu  Iw

EW ° Thg obtained Yukawas are
‘ mainly insensitive to their
IR masses! ~ log mg/mqg

AG, Thomsen; 2309.1 154/
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@ > 1672

b ~ all6x?

A single parameter
a = V! mg
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Phenomenology
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FIG. 1. Comparative constraints on SMEFT operators from flavor and CP violation: Minimally-broken U(2)4+. (Blue), MFV

(Green), Flavor Anarchy (Red). Here, Q = q,u,d and L = £, e. See Section 3 for details.

e SMEFT as a proxy for short-distance physics: U(2) = selection rules.

e A pattern of deviations emerges; distinct from MFV and anarchy.

® Determine the chirality of operators to test it



Admir Greljo | Revisiting the Flavor Puzzle

Conclusions

o An approximate U(2) ., (or U(2) et ye) flavor symmetry:

—> hierarchies in the charged fermion sector (masses + CKM) while
simultaneously large (anarchic) neutrino mixing.

e Gauged SU(2) flavor:
—> offers an elegant UV completion of the approximate U(2) paradigm

32
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The Model

e Rank | e Rank 2
Field|SU(3). [SU(2)L |U(1)y [SU(2)4+¢ Field [SU(3). |SU(2)L |U(1)y |SU(2)4+e
qr 3 2 1/6 2 Qur| 3 2 1/6 1
gi | 3 2 1/6 1 Lir| 1 2 | -1/2 1
u? | 3 1 | 2/3 1
di 3 1 -1/3 1 _ o
o1 2 | -1/2 2 LD+ (Y@ + 7,2%) 7, Q + (ye® + §:2%) Lo L

0 1 2 | -1/2 1 — y? QHu? —y? QHdP — y? THe? + Hec. .
e% 1 1 _1 1 60‘ B gaﬁé*' y? = (Oa Yr2, yf3)7 gq = 03
H 1 2 1/2 1 B O Yfa, Yas, Yes Yoo Yo, e €RY,  yuz €C
P 1 1 0 - 2 o H b H D H

LD —zP P HuP — 25 q°Hd? — 2 ¢ HeP + H.c. \ ! \ ! \ !

Hi = iH* zf = (0,0, zs3),  zp3 €RY 7 Q@ ¢ ¢ Q d ¢ L e
e Rank 3 LD 2P LuPR, — 2h Ld’R, — zP QePR,
— « 7 Qo
Field|SU(3). [SU(2)z [U(1)y |SU(2) g7 — 29 Qo LS” — 20 £.Q5T + Hee.
Rq 3 2 1/6 1 .~ ~
S 3 1 2/3 2 + ()\d,(I)a + )\d(I)a)S;RdH* + H.c.
(I)\ ,}I (I)\\ l;EI Q\\ /H Z? = (Zfla Zf2, zf3)a Zfly Rq> S‘ua S‘d € REI)_)
S - *\ R, S -~ %~ Ry S .~ % R, 20, 22, 213 Aus Ad; K7 € C.
." \‘I l'l | I" | 34 accidental U(1) g xU(1) global symmetry.
q u L d ¢ Q e
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Phenomenology

® Decoupling limit exits: lake the new mass thresholds substantially heavy
while keeping vo/Mg  fixedand Mg p S My .

® The low-scale variant of the model Is interesting for experiments.

e Finite Higgs naturalness provides another motivation for low-scale M, ;

Q

H ==== p— s |
uP, dP

® QIl:What are the bounds on the new masses given the current data’

e Q2:Which observables and deviation patterns should be prioritized?

35
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Z’ effects

o 5SB of SU(2),, » produced heavy, degenerate vector triplet.

® [ntegrating It out:
1 1 _ _
Lsyvprr D _W [5a557ﬁ_§5aﬂ575] [(Qafyuqﬂ)(qufyuq&)
o

+ Z(qa,},#qﬁ)(zvvﬂgs) T (za’YuEﬂ)(zv’Yﬂga)]'

a,fB,... €41, 2}

® Suppressed bounds from 4-quark and 4-lepton FCNCs ~ Darme et al; 2307.09595

1 .
Eg Ligrr D ——4,02 Agd(§L7udL)2 Afpf.,,, = [LTf dlag(l, ]., O)Lf’]
P

pr’

® [he strongest bounds involve 22l transitions:

*complementary, can not be tuned away simultaneously

+ _F T ‘
BR(Ky — p 633)0T v CR(pAu — eAu) =2-10711. (30(:}q)eV)
_r0.10-12 © 2
=5.9-10 ( e ) |AseA,ud + AdeAus| . X |1.01 s9 — 0.25 C2e|2 )
o ——— R

*Future MU2E and COMET will improve

VCI) Z 300 Te\/ by an order of magnitude on the VEV
36
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Leptoquark phenomenology

® [he flavor structure of the LQ couplings Is fixed

LD —kb Zgﬁuup — kb R4dP? — kP PPRye? + H.c..

e Consistency criteria on the mass spectrum from the scalar potential:

7 Consider a toy potential V (z,y,2) = —vzyz + 2* + y* + 2%. In

VD ()\uq)a + )\u(I)a)S ; R, H” such a configuration all fields would develop a VEV: () = (y) =
(z) = v/4 (up to a tetrahedral symmetry). When one of the

+ ()\d(pa + /\d(I)a)S;RdH* + H.c. fields gets a mass m > v/2, the minimum of the potential moves
to the origin, and no symmetry breaking will occur.

® A consistent mass spectrum allows for two interesting scenarios:

Flavor e Scenario I: Mg > vs with Ry and R, potentially
lighter,

Collider e Scenario II: Mgr,,Mr, K 2 ve with S potentially
lighter.

37
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Scenario I: R, leptoquark

® |[nduces chirality-enhanced dipoles at one-loop:

1 (L3p) h: mguh‘,e log M2

J L —
Crr =

1672 M}%u m?
® [he strongest bounds:
H— €y
32
L |£2%] /500 TeV 2 log &2
34 .01
k3 23 K'OI(MR 2 < 0.017
¢EDM
25 Im((L8)*k4kL)| (500TeV ' log S
10-3 Mp, g <410

Mg, = 500TeV when couplings O(0.3)
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Scenario I: R, leptoquark

Kaon Physics

kP* K" 3 _
/K — VU ¢ Loseer D —535% (L, 6%) (d'y"d")
""""""""""""""""" Rd
- A
1.0__ | — ’is*’ig’{';*’{’fj D i (3t
D K_K: LSMEFTD_647,-2M}22d (d7d)(d7d)
< 05
= |
< 007 50 TeV \2
Tl 2% 112
E 05: |Re[(f<cd Kg) ]| ( Mp, ) <10 (Amg),
Sp B 2
X [ 2% 112 50 TeV —3
L - I <3-10 .
X —-10+¢ | m[(’{'d Kd) ]l ( MRd ) ~ (GK)
= o — —

5
&)

KT —»ntun(5%) OKT — 7ntvi (now)
- VK — v (20%) -

|||||||||||||||||||||||||||||

-05 00 O5 10 15 20
2% 1 2
Re(/{/d K’d)(50 TGV/MRd) MR — 5 TeV

e A |ow-scale benchmark:
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Scenario I: R, leptoquark

B Physics

b* .r
K’d R4

B — Kvv @ Lowen>— i (F°,u6) (@yrd")
d

D . R RaRT R 50 ey (75 gt
BS — BS . LsMEFT O 64r> M3, (d"y*d") (d v*d")
ToV \2
IRe(Im)[ (k5" k5)?]| (5 eV) < 0.35(0.12)
Mr,

T —

e Belle 1 2023 anomaly: R% = 2.8 +£0.8

o Consistency with mixing implies:

MRd < 5TeV

Y

e Collider limits: = 1.5 TeV

40

[m(rg Kg)
o
e
L
2
I )

Re(Bs\By)
-2 —1 o) 1 2 3
2% 3
Re(ky Ky)

FIG. 6. Constraints on Ry leptoquark from B — K™ v de-
cays and B, — B, oscillations. The leptoquark mass is set to
Mg, = 5TeV. Shown with solid green is the latest Ry aver-
age from Eq. (40), including the most recent Belle II measure-
ment [86]. Solid red is for R%« and satisfies Eq. (39). Brown
and orange show the constraints from B — B, oscillations,
namely Eq. (45). The dashed lines show the future Belle II
projections with 50ab™" [92].
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Scenario lI: § leptoquark

MRd7 MRu Z Vo

. . Mg =1TeV
* No renormalisable couplings to >
' 1 T T T T 2 ]
SM fermions! | 1077 BBN .
A g, SOt Her and Yieg, S Hep 107} A
Ru 10731 Stable o ,', |
® Decays through the UV scale 10-51 _
2 — I, I,
FS -~ 1 ,UEW o 10 7L ! R .
-~ 2 ¥ -9 ,/’ e -
M S 16w A 2 10 L .’ Displaced
g) 10—11 L - ’,/ ]
: : o 10—13 _A:M,Q/’ e |
® |nteresting collider pheno If light: N
LLP! 10 - :/ /' Prompt -
10_ B /’ 1
e A=
10—19 s ) |
® Signatures depend on the UV scale: S ' ' ' -

103 10° 107 10° 10"
() (Te\/)

A discovery of a leptoquark via a distinct
signature could indirectly shed light on the
scale of flavor dynamics in the deep UV.
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Discussion

Q: How to fit neutrinos!?

e Add 3 RHN and do high-scale seesaw:
My, = —MDMP:lMT ~ UTm, U

® The model predicts hierarchical My, Large PMNS require Mp
to also be hierarchical to “undo’ the hierarchy in Mp,. :(

A possible resolution comes from a mechanism to gen-
erate anarchic Y,. To this end, we can extend the field

content with a single vector-like fermion representation
Nyr ~ (1,1,0,2). When the mass of this field is

comparable to ve, marginal interactions (o HN® and

(~)

Naq)aup wash out the hierarchy in Y,. In this case,
the required Majorana mass matrix Mg is also anarchic.
This is an elegant solution, provided one accepts the co-
incidence of scales My ~ vs.

42



Admir Greljo | Raising Through the Ranks

Outlook

Pati-Salam unification

o All five scalar fields of the model fit into just two irreps!

H R, RiC g ~ (15,2, 1/2, 1)
.5 C Yo ~ (15,1,0,2)

SU(4) xSU(2), x U(1)g xSU(2) 4+¢

V
@

e Explains why M, = M;. They unify into a single VLF!
Upr ~ (4,2,0,1)

® (Can one fit masses and mixings! Predictions from unification? w.i.p.
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