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<L iM . Accidental symmetries

FM sansYukawa: U3), x U(3), x U(3),x U3),;x U(3),

—5,”}“1( =gV V"Hu + gY'Hd + IY°He

[U(3) transformation and a singular value decomposition theorem]

LM U x U, x U, x U,

Lepton family number
conservation

. Al_]%, truncation at the [ZMEFT] < 4 — Exact accidental symmetries

e Beyond this picture, vSM:
m, # 0, Upyng # 1 introduces lepton flavor violation (LFV)
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cLFV

® [ epton family number violation in processes without neutrinos:
u—>ey,u—3euN —- eNt - uy,... Ky = pe,..., h = tu,...

® Tiny breaking due to neutrinos in the minimal vSM realizations:

B(u — ey) ~ 107>* strong GIM suppression due to Am,, < ny
—> cLFV is a null test of the SM
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cLFV

® [ epton family number violation in processes without neutrinos:
u—>ey,u—3euN —- eNt - uy,... Ky = pe,..., h = tu,...

® Tiny breaking due to neutrinos in the minimal vSM realizations:

B(u — ey) ~ 107>% strong GIM suppression due to Am, < my,
—> cLFV is a null test of the SM

No irreducible SM background

Advantages: Disadvantage :
e [uture observation — e The dim 6 EFT effect scales as

unambiguous New Physics A% since Agyr = 0, while, for

example in QFV, it is A™2

® cLFV already sets stringent constraints on BSM: Muon beams are so intense!

® Future experimental prospects are exciting! Davidson et al, 2209.00142
*an order of magnitude on A is huge; think about the FCC
!
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e Unique probe of a wide range

/ of BSM up to 10 PeV
cLFV \‘
|/ « Dynamics of flavor

Today

Physics Briefing Book,
1910.11775
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The Flavour Puzzle
Y; Empinical
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10~%

The Flavour Puzzle

Empincal

. 02 023
\/ Y 0.2 . 0.22

, CKM
. 023 0.2? .

&

_LSM D @/YJJUJ[:] a (N qZYdZ]dJH - Zf,;YiijH
SVD: Yf — Lf}/;ijc
Voxu = Li, Ly

e Small yy— natural a la t' Hooft.

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

10
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The Flavour Puzzle

o Our goal: Explain the many hierarchies observed in masses and mixings from
a few (or no) UV hierarchies.

® Jradeoff: Simple UV realization versus how well it produces the SM flavor

Approximate global U(2)

Barbieri et al; hep-ph/9512388, hep-ph/
9605224, hep-ph/96 10449, ...

Our revision:

AG, Thomsen; 2309.1 1547

Antusch, AG, Stefanek, Thomsen; 231 1.09288
AG, Thomsen, Tiblom; 2406.02687/

Live in Sarajevo 1997



https://arxiv.org/abs/2311.09288
https://arxiv.org/abs/2309.11547
https://arxiv.org/abs/2406.02687
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f’L YV f)]Q Hierarchies from U(2);

U2)=SUQR)xU()  IRREPs ~2, .~

12
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f’L YV fl{e Hierarchies from U(2);

- -
UQ2)=SUQR)xU(l)  IRREPs L2 ~2,  PLfi~1,
- L_
Step A
Exact symmetry limit
"~ (ane)”
a o

UGk rotyg

Accidental U(2)g

m3 #O,m1,2=0

13



Admir Greljo | Theory review of Charged Lepton Flavour Violation

f’L YV fl{e Hierarchies from U(2);

S
UQ2)=SUQR)xU(l)  IRREPs L2 ~2, i~
- L_
Step A Step B
Exact symmetry limit Leading (small) breaking
v o ( >}U(2) V2 — <O> ~ 2+1
a \ ‘ fLVN 1,
U(3)g rot
—
() U2) — U(l)
_ = 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

15
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U(2);: Singular value decomposition

— . YRt
Y=L YR,

b
a
1

b b
Y~ |la a
1 1

16
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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

17
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U(2);: Singular value decomposition

— . YRt
Y=L YR,

b b b (O) ~ O(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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|mpose U<2)q+f ' AG,Thomsen; 2309.1 1547

Quarks 1
qr

|~ 2., all other singlets
qr

Imposing U(2), =
U2),xU2),is

accidental at dm-4

* Both Yu and ?d hierarchical

o Voxm & LgtOﬁLEZO) hierarchical

—»

1
2 |
Leptons |~ 2., all other singlets
‘'
. : * *needs a different structure in the
. * Hierarchical Ye neutrino sector to get large PMNS
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|mpOse U<2)q+f *  AG,Thomsen; 2309.1 1547

Quarks 1
qr

|~ 2., all other singlets
qr

Imposing U(2), =
U2),xU2),is

accidental at dm-4

* Both Yu and ?d hierarchical

o Voxm ® LgmLEZO) hierarchical

—>

1
4 |
Leptons |~ 2., all other singlets
fL
. : 3 *needs a different structure in the
’ . * Hierarchical Ye neutrino sector to get large PMNS

e for the variation U(2) g+e O U(2)q +ecqye S€€ backup and

Antusch, AG, Stefanek, Thomsen: 231 1.09288
20
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The UV origin of
approximate U(2);
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SM X SU(2),,, gauged

AG, Thomsen; 2309.1 154/

Dim-4 Dim-5 Dim-5 RG
N/
| ~ ’
: s ., ~wS
: > ‘v > cN
i A S 4 l‘ ,'
é i -

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

22
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Gauged flavor

Uuv

VLF Vo

EW
IR

AG, Thomsen; 2309.1 154/

23
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Gauged flavor

uv
(I) \ ' H ¢ y H
‘\ " d ‘\ l'
VLF > q.Q‘up K.L‘e
P
SU(Q) q_l_g )T/ PS unification mgp = my
<@> e P AG, Thomsen, Tiblom; 2406.02687
* AsingleVLQ = Y is Rank 2
_yp_ o &)
EW Yx |y —]
17
IR -
e Accidental U(1):
AG, Thomsen; 2309.1 154/ Massless | S't fam||>/|

24
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Gauged flavor

uv ° !nstead of new UV states,
introduce IR states.
o H
VLF A o, L.t
: Sw!
SU(Q)q+£ . R ‘\

/ '\-‘,'
' LQ fi  fr

Ru’ Rd’ N

@) - ="

v
EW ® [he obtained Yukawas are
mainly insensitive to their

IR masses! ~ log mg/mqg

AG, Thomsen; 2309.1 154/

25
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Gauged flavor

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

d) 4+ - — - T e @
> L  f R ®

Ru’ Rd’ S 1671'2

v @

EW ° Thg obtained Yukawas are
T mainly insensitive to their 5
IR masses! ~ log mg/mq b~ allbr

A single parameter

AG, Thomsen; 2309.1 154/
a = V! mg

20
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Z’ effects

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

® |[ntegrating it out:
1 . 1 o
LSMEFT 2 ) [5 557ﬁ_§5 3575] [(qOA’Y qﬂ)(q’)’,y'uqé) Q, 187 ... E {]_, 2}

203
+ 2(6av“qﬁ)@w“€5) + (za’)’ueﬁ)(z'y’)’#eé)]-
® Suppressed bounds from 4-quark and 4-lepton FCNCs ~ Darme et al; 2307.09595

1 :
402 sd(gL’YMdL)2 Afpf,,’. - [LJ} dlag(l’ 1, O)Lf’]pr
P

Eg Ligrr D —

® [he strongest bounds involve 2g2l cLFV:

*complementary, can not be tuned away simultaneously
BR (KL — p*eT)

TeV \'
=5.9-10"" (300 - ) |AseApd + AdeAps

300 TeV \*
Vo
x |1.01 s9¢ — 0.25 co0* .

CR(uAu — eAu) =2-1071*. (

|2
Vo

T —

> 300 TeV *Future MU2E and COMET will

Yo ~ improve by an order of magnitude!

27
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R, leptoquark

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

1 (L3p) h: mguh‘, M2

Ct. = 1o
= T16n2 M2 S m2
® [he strongest bounds:
H — €Y
232|500 TeV '\’ log ~ 2=
34 c e .01
K2 T30 kL] 01 ( M ) 2 < 0.017
¢EDM
25 Im((L8)*k4kL)| (500TeV ' log S
10-3 Mp, g <410

Mg, = 500TeV when couplings O(0.3)

28



Admir Greljo | Theory review of Charged Lepton Flavour Violation

PS unification

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

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

SU(4) xSU(2), x U(1)g xSU(2) g+¢

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

® Can one fit masses and mixings! Predictions from unification?
AG, Thomsen, Tiblom; 2406.0268/

29
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PS unification

AG, Thomsen, Tiblom: 2406.0268/

30

Field | SU4) | SU@)L | UQ)r | SU(2)ese
by, 4 2 0 2
3 4 2 0 1
wr | 4 1 1/2 1 : :
YR 4 1 -1/2 1 E Gsum E E
YL R 4 2 0 1 | | | | y
X 4 1 1/2 1 Veu v¢,,|vx m;;,, N}@ 12
H, 1 2 1/2 1
Su | 15 2 1/2 1
S | 15 1 0 2
Rank 1 Rank 2 Rank 3
Eq) Hl
H, PP H, ./
: "\ / 2ig ,,\-b’-’\ 2H
. \\ ," A %
Ui . fR Y, . - — Yip Yy, —e o — Uiy
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ve /My = 1072
up

PS unification
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Figure 3. Histogram showing the probability of obtaining the correct order of magnitude for the SM
flavor parameters when the UV parameters take on random numbers drawn from a flat distributior my, [GeV]
with the magnitude < 1. The black lines display the running SM values at the renormalizatior

scale 1 PeV. See Section 4.2 for details. 31 AG, Thomsen, Tiblom; 2406.0268/
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Phenomenology

AG, Thomsen, Tiblom:; 2406.0268/

® |ntegrating out vector leptoquark and flavored Z's

1 _
L"SMEFT D, _’0_2 63’)/“83 + qa’}’uﬁa + Ep’)’“ep
X

2 1, _ 2

= o |aatisd + Lot
o

® | eading bounds from K; — pe and u — e conversion,

v, 2 3 PeV

o Mule and COMET will push the bounds to v, 2 10 PeV range

32
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Conclusions

® | presented simple UV models based on a single SU(2) gauged flavor
symmetries that explain the gross feature of observed flavor hierarchies.

® cLFV provides the most stringent present bounds and the most promising
future probe

Antusch, AG, Stefanek, Thomsen: 2311.09288
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FIG. 1. Comparative constraints on SMEFT operators from flavor and CP violation: Minimally-broken U(2)g+e (Blue), MFV
(Green), Flavor Anarchy (Red). Here, Q = q,u,d and L = £, e. See Section 3 for details.
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The Flavour Puzzle

Mass [GeV] Fmpirical

107 <::>

1 b
@@@

1072 . .
@ @ The neutrino sector Is different

©

10~* 1
— LoMERT D A—&YVZ]@HH

107° : v

- 1) High-scale A,

1078 predicts a mass gap! 2) Large/Anarchic mixing!

WO@@@ 8nm -
d Vemns ™~ o+ oo @

10—12
The success of the SM(EFT)? o ..

10—14 ! 36




Admir Greljo | Theory review of Charged Lepton Flavour Violation

UQ)p ?

) N2+1 f]%’fll,Nl()

b a 1 L;O) ~ O(1) rot. b 0 O
Y~ |b a1 —>» YV~ |p a0
b a 1 b a 1

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

~[p oo 1 bla b
Y~loaof RO~ 14
0 0 1 1

37
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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

—>

38
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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 ® LISO)TL;O) hierarchical

—>

Leptons
€
Impose U(2), : , |~ 2., all other singlets
€R

> e Hierarchical \A(e and LZ(O) ~ O(1).

® No selection rules on the dim-5> Weinberg operator
MNS ~ O(1)
39
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A single U(2) to rule them all?

UQ),.

U(2) Is Right for Leptons and Left for Quarks

Stefan Antusch (Basel U.), Admir Greljo (Basel U.), Ben A. Stefanek (King's Coll. London), Anders Eller
Thomsen (Bern U. and U. Bern, AEC) (Nov 15, 2023)

Published in: Phys.Rev.Lett. 132 (2024) 15, 151802 - e-Print: 2311.09288 [hep-ph]

e Nine hierarchies in terms of two small parameters:
Y} > 7>y (x3forf=u,d,e)

Il>a>b>a =
1>> |Vus| > |Vcb| > |Vub|

40
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Phenomenology

106;_ AF -9 m Anarchy ?:
- _ B . U(z)q+e ;
Lol 1 Au — e Au = MFV y
3 K — pe
Dipoles
R
1000
5 3
=

[Coghiziz [Codli212 [Couli212 [Cadl1212 [Cu1212[Cegli211 [Crielor [Crielor [Ced)izu1[CredglionlCael 12 [Coeli2a1 [Cerlonn [Ceel21in [Ceelozza [Cerliz [Curlit [Canlin [Cerliz [Ceﬁ,]11[cgi)m]ugg

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.

® cLFV plays a prominent role! Exciting prospects.

41
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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 @

Zdlb ngb ngb 2 VZ

Y, =V Yd2 G Yq3a a
d % d2 ;53 @@> ,
©

@

zp1b

Yo =Vz | 202b yrea (b/a)z @ > bla
d

2030 Yp3a xp3

o V,— 7, spurion @ @

¢ 2HDM-Il tan™"  (SUSY?)
(Hu> > <Hd> We recently achieved similar texture with Zg FN

AG, Smolkovic, Valenti; 240/.02998 (Froggatt-Nielsen ALP)
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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)

45 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)g4eetur

46 Revisiting SUSY GUT predictions, [wip]
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The UYV origin of U(2)

® Gauge the SU(2) part

SUQ),,,

anomaly-free

AG, Thomsen:;
2309.1154/

AG, Thomsen, Tiblom:;
2406.02687/

*Neutrinos need an
elaborate structure

SUQ),.

anomalons

Antusch, AG, Stefanek,
Thomsen: 231 1.09288

47

SU@)gs et

anomaly-free

wip


https://arxiv.org/abs/2311.09288
https://arxiv.org/abs/2309.11547
https://arxiv.org/abs/2406.02687
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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 _ L
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 aﬁ@* y? = (Oa Yr2, yf3)7 gq = 03
H 1 2 1/2 1 B Yf2, Yd3, Yes» Ya» Yo, Yo € Ry, Yus € 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.
Rs| 3 2 | 1/6 1 - .
S 3 1 2/3 2 + (Ag®* + X\g®*)SER4H* + 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, 2 212, 2f3) Aus Aay Ky € C.
." \‘I l'l | I" | 48 accidental U(1) g xU(1) global symmetry.
q u L d ] 0 e
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Producing SM flavor parameters

The quark—Higgs coupling matrices are

b Mu(d) Zu(d)
Yua) = | aqYu(a) + bgAu(ad)Zu(a) | ;

Singular value decomposition, perturbatively:

Y; = L;Y;R}

Lu(d) ( 1 qudzdg bq S\dzd3 \
- AqYd2 Ld3
where L, _bgAazgs 1 AqYd3
- AqYd2 Tdq3
2 bgAd [ Yd3Zy * aqYds3
Yq Vo Zq Ua My q [ d2 _ , ] _%q 1 )
a b, = log— —1 d3
q MQ ) q 167T2 ML( g “2 ) Td3 Yd2 Td3
e Masses:
Yu o dla'g (bq)‘uzula AqYu2; $u3), o A b X A
~ . ~ Ye >~ dlag( N\e”ely 1LY e2, xe3)
Yy ~ diag(bgAdazd1, aqYdz, Tas)-
o (CKM:
1 [M _ M] [mdzds _ MMy Yd32u2
” ” mszdi mezqy1 mpzdi mpMme Yd22ul
~ MuZyg _ Md=z msy _ McYus
VCKM — LLLd - [mczuf mszji] 1 [mbyjz mtyuz]
[ ma Yd3Zgy _ MdZgz _ mgme éﬁ:;] [% — Mabas]
mp Yd22d1 mpzdi1 Mmsm¢ 2d1Yu2 mtYu2 mpydz
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Numerical benchmark

e [he observedYukawas at u = 1 PeV e [he CKM taken from PDG
(Yus Yes Yt) oy, = (4:54-107°,2.29 - 1077, 0.667), A = 0.22500 & 0.00067, A =0.8261901%
(ya> ys, wb),, = (9.95-107°, 1.98 - 107%, 0.0100), p =0.159 +0.010, n = 0.348 +0.010.
(Yes Yu> ¥r).,, = (2.87-107°,6.05-107%, 0.0103).
N\
yas = 0.16, zg2 = 0.95¢™® | zg3 = 0.77e4@~1:20)
e Assume
Mg = Mp, = 100vg (Zu1s Yuz> Tuz) = (0.097, 0.91, 0.67),
4y =2.5-1073, by =1.6-107%, (241, Yaz, Ta3) = (0.21, 0.079, 0.010),
Ap=2-107% be=1.6-10"% (ze1, Ye2, Te3) = (0.092, 0.30, 0.010).

Yg=025, 2,=03, yy=02, g =0,
22=01, A =X=03, X\, =02.

e All marginal couplings (but two) within a factor of ~3 around 0.3.
e [wo (accidentally) smaller parameters contributing to Tau and Bottom Yukawas ~ 0.0

e [he CKM is dominated by the down-type contributions, as the hierarchy in the down quark
sector Is compressed compared to the up quark sector.
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Phenomenology

® Decoupling limit exits: Take 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?

o1
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Discussion

Q: How to fit neutrinos!?

e Add 3 RHN and do high-scale seesaw:

My, ~ —MpMzg' M}, ~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

(~)

NQCIJO‘V,, 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.
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e Alternative: SU(2)

qrteg



