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Abstract:

Measurements of the flavor structure of the Standard Model can be precise probes of physics beyond it. In this talk, we describe
two implications of various flavor physics measurements. First, we discuss the use of Froggatt-Nielsen (FN) models for explaining
the Standard Model flavor hierarchy. We define wrinkles, extra suppression or enhancement factors which modify the expected
scaling of coupling sizes from FN models. We show how wrinkles can change the expected size of couplings to new physics in FN
models, and how they naturally appear in various models, as well as discuss the example of the recent B->K\nu\nu
measurement. In the second half of this talk, we use a SMEFT approach to illustrate the complementarity between future muon
colliders and precision experiments for probing lepton flavor violation.
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® Outline

1. Wrinkles in the Froggatt-Nielsen
Mechanism

2. LFV at Future Muon Colliders
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WHy flavor physics?

Understanding the SM
flavor hierarchy

Small or nonexistant
SM backgrounds

Experimental
anomalies

Many precise
experiments
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(® Preview: Wrinkles in FN

Froggatt-Nielsen is a mechanism for explaining the
flavor hierarchy using powers v/M. Explaining the
SM fixes the charges of all the particles.

Typically, if we add (low energy) BSM particles, their
couplings to SM particles are also fixed by FN.

We propose as a way of quantifying how
far you can
and still have a FN-type UV completition,
without introducing additional scales.

Katherine Fraser, kfraser@berkeley.edu
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Froggatt-Nielsen (FN) Models & 2

The simplest FN model [Froggait & Nielsen, ‘79] contains:

¢ A horizontal symmetry U(1),, spontaneously broken by a
heavy complex scalar ¢ called the flavon

e Multiple heavy fermions U, with charge [i],; and mass ~ M
e All fermions U; necessary for SM Yukawas exist

Y23 o 2 I1Q: Ty

More complicated variations have also been developed,

including: inverted models, ones with additional symmetries,
or multiple expansion parameters.
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Exblaining the Standard Model

Horizontal charges of SM particles are fixed by masses
and mixing parameters.

1 A P
CKM
Vi = 1 ,12]

A3 12 1

SM hierarchies follow the Wolfenstein parameterization; A is the Cabibo angle

( SM Masses \

Y~ @A) N5 22,0%)  y~ G520, 00)
k /ll[Qi]H‘l'[ﬁi]Hl ﬂ|[Q1‘]H+[di]H| Al[Li]H+[Ei]H|

Off diagonal elements also important for the correct
mass eigenstate diagonalization.
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Result 1: Allowed FN Charges

 Mixing matrices and masses only fix
absolute values.

*Up to \pm 1 shifts

Gen. 1 Gen. 2

 Some freedom in allowed:

S0 s or

monotonicity is not required for first

generation fermions.

go+3X+6 |
lhb+Y

@lt"@qﬁ\@

—lh—-Y <8

* For SUSY theories, holomorphy
sets X =-Y = -1, chooses postivie
sign for RH fermions

LH Mass - Heaviest
700 ]
600 F | 4000

LU ' 3000

400} | _
300 i 2000 f

=9F 1000 F

100 | -
i I

RH 3rd Heaviest Vector overlap with f;

0

1.0 1.5

Also need to check eigenstates are correct by testing O(1) coefficients
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® Adding Particles to FN Models & i

Suppose we want to add new (low energy) BSM

particles. These particles can be treated as spurions of
Griavor = SUB) o X SU(3), X SU(3), x SUB), x SU(3), x U(1)’

Evanilla FN models, the size of new physics spuriona

are also fixed by the FN charges.

. Has charge: (3,1,1/3)
Lagrangian:
LD - AU €S, 0pL,; — AV STue + h.c.

Yukawa Coupling Sizes:

AZL s Al[Q]H-l' L]HI and Ag_ s /’l|[€ ]H+[u]H|
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) Result 2: Wrinkles

But this recipe is deceptive! Simple UV modifications to FN
can break this scaling.

are a naturally arising way of
. They quantify how far

we can deviate and have a FN-type UV completition.

Yij_ o WU_&”W,H‘[]E’J” = l@j"‘l[%]"‘[}?j]l
wy vy

Wrinkles can modify either the new or the SM yukawas. SM
coupling changes must be compensated for by modified
charges.

Katherine Fraser, kfraser@berkeley.edu

Page 10/32



irsa: 25040105

| Example: BY — K Dv with the S; Leptoquark @) )

Bt — K™ Dv is theoretically clean & Belle Il has a
(not yet significant) hint of a deviation from the SM.

Belle Il = (1.1 £0.4) x 107
SM = (0.46 £+ 0.05) x 107

B* — K'Du gets contributions from the SM at one
loop and the § leptoquark at tree level.

br, ir, SL by,

Katherine Fraser, kfraser@berkeley.edu
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Strbngest Constraints on FN

Observable S1 Yukawa Couplings Experimental Result Future Bounds

BR(B* — K*tow) A, x (AZ) (1.1 % 0.4) x 1075 [Belle Il

electron EDM (EAgr) (i) <41%x1073 ecm [UILA] | <1073 e cm %gggg:gggig}

(V*AqrL)™ x A%
BR(u — ev) <42 x1078 [MEG] < 6 x 1071 MEG I
Az x (V*AqL)*”

CR(p—e)y | (V*AgL)* x (V*Agr)2 | < 7.0x 1072 [sINDRUM 1] < 2.5 x 10718 [Mu2e]

(V*AqrL)® x AR
BR(r — uy) < 4.2 x 1078 [Belle] < 6.9 x 1072 [Belle I1]
AR x (V"Bgr)™

BR(K* — 7o) AZL x (AgL)* < 1.88 x 107" [NA62] | (8.4 0.4) x 107 [NAG2]

1812.07638 1812.07638
Amp, (DL ALL)* ACs, < 0.09 homutht . ACE, < 0.026 Eising HL-LH]C,

Belle Il

[See 2308.01340 for refs]
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Coknstraints

With ©(1) couplings, other correlated constraints rule
out the B* — K ow preferred region:

Bl BSM Preferred Region
O(1) Yukawa

Obsecrvables

Katherine Fraser, kfraser@berkeley.edu
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Coknstraints

With vanilla FN couplings, the B* — K o preferred
region is still ruled out:

(@] = (3,2,0), @] =(41,0), [d]=(3,32), [L]=(0,-1,-1), [&]=(864)

)\3 /\2 /\2 /\12 )\10 )\8
AQL ~ )\2 /\ )\ y A-&E ~ /\g A7 AS
1 A A N

I BSM Preferred Region
(1) Yukawa
FN

Observables
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Constraints
With wrinkles, we can obtain a viable solution:

[Cu)z} = (3 250)1 {ﬁ'iJ o (4! 1, O) [(;I} — (3 3, 2)5 [Lz] == (0 —1 _1)

[e;] = (8,6,4)

5

AS )\3 /\3

Wil =X°,  War=|X 1 1 Respects @ > 1/167°
X1l

Il BSM Preferred Region
O(1) Yukawa
EN

B FN + Wrinkles

Ohservables
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Raaiative Corrections and Predictivity

e Wrinkled FN models are still predictive: flexibility is
not unlimited.

e Requiring tree-level contributions dominate over
loops gives a set of consistency conditions:

ij .
|Ab—£§| 2 167[2 |( YLE)

¢ |n order to satisfy these mequalities itis (but

.ijl

), to take (assuming a)‘f > 0)

Katherine Fraser, kfraser@berkeley.edu
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Exémple: Consistency Conditions

| AQ_ | 2 | ( ¥ YL—)ij |
2 €
167 : ,

/Iwue+|[u 1rt€]yl ia)QL+|[Qk]H+[L1]H|

1
< 24w +1o
oL 8,116][

: : : 33
without wrinkles in A oL
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Wrinkles arise naturally from UV dynamics. An example is
charging heavy fermions under additional symmetries:

Uy

SUNy)

Add a wrinkle

!

e @)

G G A

Katherine Fraser, kfraser@berkeley.edu

Page 18/32



Exémple: Consistency Conditions

| AQ_ | 2 | ( ¥ YL—)ij |
2 €
167 . ,

iwue*'l[“ Artl€]yl ia)QL+|[Qk]H+[L1]H|

1
< 24w +1o
oL 8,116][

. : : 33
without wrinkles in A oL
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Although our wrinkled ansatz is viable now,
upcoming experiments will test it:

10-%6 -

1028 \

Belle II (50ab™") \:

BR(r—uy)

g
[&]
&
1 =
A
=
W

o
S
=1

Future Sensitivity

MuZ2e (Final)

Amp, (ratio to SM — 1)

Katherine Fraser, kfraser@berkeley.edu
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) Summary and Next Steps

Wrinkles are a way of
parametrically changing
new physics couplings in

FN without introducing

additional scales.

They arise naturally in the
UV and can improve the
consistency between
measurements.

Next steps:

» Systematics studies of
modifying

* Understand
of wrinkles

* Implement an analog of
wrinkles in
generating

Katherine Fraser, kfraser@berkeley.edu
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Lebton Flavor Violation

» Charged LFV is a smoking gun for BSM
because all SM contributions are neutrino
mass suppressed

» LFV arises in simple models, including
SUSY (SUSY breaking causes nondiagonal
sleptons interactions) and Ieptoquarks.

PRELIMINARY.

5 I I mp-ey su-3e n{u—se)y n Z-eu

(1)
CW,u CH;J CHl,u Hﬂﬂ

However, current probes of LFV are sensitive to scales that
are much higher than typical searches. Can a muon collider
do better?

Katherine Fraser, kfraser@berkeley.edu
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@® Probing LFV with a Muon Collider &z

* Probing LFV is interesting at any potential future

collider; it has already been studied for FCC-ee/CEPC.
[Altmannshofer et al: 2305.03869]

* Muon colliders have some qualitative differences which
might allow probing different parameter space:

u — 1)
* Previous studies at muon colliders have focused on

specific models, for example SUSY.
[Homiller et al: 2203.08825, 2103.14043]

Katherine Fraser, kfraser@berkeley.edu
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H and Z decays

There are also limits on LFV Z decays:

Current Limit
BR(Z — pe) 2.6 x 10~7 [ATLAS]
BR(Z — Te) 5.0 x 1076 [ATLAS]
BR(Z — Tp) 6.5 x 107¢ [ATLAS]

a T2y aT-3U a Z-5UT

ii.ﬁﬁf

CHI \HT

Projected Limit

~5x 1078 [HL-LHC]
~1x107% [HL-LHC]
~1x107% [HL-LHC]

PRELIMINARY_]

Cﬁr)ﬂr | Cle, il

mu—ey spu—3e n(u—e)y m Zoeu PRELIMINARY

Katherine Fraser, kfraser@berkeley.edu
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Matching onto IR Observables

For Z decays, we can work directly in terms of SMEFT operators,
using the 1-loop RGE to run down to the applicable scale.

For , run down to the weak scale, then
operators:

OV:LL OV:RR

Ocv,ij = €L,i0" eRjFu s  Ogoprst = (ELpYeLr)(@LsTuert), Oeoprst = (ERpY'ERr)(ERsTuERL) 5

V,.LR - - S.RR - -
Oee.mst j— (eL,BﬂrueL,T)(eR,squeR,t) 3 Oee.farst = (BL.peR,?‘)(eL,SER,t) 0

in the LEFT will also generate the

quark operators

V,LL — - Vo = =
Oeq:,prst = (BL,P7”6L,T)(QL,S7HqL,t) ’ Oe(},prst a (eR,PﬁyueRaT‘)(QR,SP}/NQR,t) )

V.LR _ _
Oeq,prst = (eL,PWHeL,T)(QR,s'}’;LQR,t) 3

S,RR _ = S.RL _ _
Oeq,prst - (eL,PeR,?‘)(QL,SQR,t) ) Oeq,prst = (BL,peR,r)(QR,SQL,t) )

[Manchar et al: http://einstein.ucsd.edu/]
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High Energy Constraints: The Pipeline &2

To understand the reach for each operator, we perform
studies with MadGraph/Pythia/DELPHES.

We consider the full set of possible processes pick ones
with the largest cross section in more detail.

Simulate backgrounds to get a rough estimate of reach
using a simple cut and count analysis.

™ f )

DELPHES

fast simulation

[Images: D. Deppenfeld 2015 PITP lecture, CERN] Katherine Fraser, kfraser@berkeley.edu
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®) Example: yu — urt
Turn on Ceze223 operator to |Add cuts to separate signal from

get a signal: background:
2.1 x 10° Events

!,L T harged Lepton Contributions Charged Lepton Contributions
. 0,00200 1

5 mi S mumu=muta !

o = mumusmuvmtavt mumusmuymtavt I

K= I’
The Largest Backgrounds: - )
1) ”ﬂ _) Tﬂvﬂyf i Charged Lepton Contributions ] Remai't.]ing
| events:
4.0 x 10* Events _
Including: up — 77, pp — ww Signal:

2) upp — pv,j, jet mistag: | . Background
2.1 x 10° Events e w s = | Events:
Including: yu — ww (jet mistag)

Katherine Fraser, kfraser@berkeley.edu
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Y

Example: yy — ut . P
VBF backgrounds are negligible, since they are well
separated in muon pT and Energy

Neutral VBF Contributions Neutral VBF Contributions

S: mumu=muta S: mumu=muta
VV=tata Vv =tata
VV=ww True VW =ww True
VV=ww Mistag VW=ww Mistag

Mormalized Events
Normalized Events

Note: Each

histogram is
1000 2000 3000 4000 1000 2000 3000 2000 5000 6000 1 d d tl
Muon pT Muon Energy In epen en y
Charged VBF Contributions Charged VBF Contributions norma I ized to

S: mumu>muta 5! mumu=muta
WwW=tata Ww=tata
WW=ww W= one

WW=ww Mistag WW=ww Mistag

Normalized Events
Normalized Events

2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Muen Energy Muon pT

Katherine Fraser, kfraser@berkeley.edu
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Scéttering Results

The performance of a muon collider compared to existing
and planned experiments depends on the operator.

For higgs operators, muon colliders slightly beat current
low energy experiments, but next generation low energy
experiments will beat their reach.

For four fermion operators, muon colliders improve new
physics reach by many orders of magnitude

. L ! : : I k J I E
s Topy T3 8 Zopt PRELIMINARY 1#Ce10Tev, 10ab™ 73

10°=

10°L
5 1000E
b} E

Katherine Fraser, kfraser@berkeley.edu
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High Energy Constraints: Higgs Decays & -2
A[Cert e [TeV]

3000 1000 300 100 30 10
1073 PRELIMINARY
o "

~ ‘..f
4 hope, pCe@ 10 TeV T

g4 i
.
N
N

1074+ h—tu, uC@10TeV

I

107
éPRELlMlNARY

[ ”16—5 2 H”1.6—4 P T (1

Y,

el

h—=7u, pC e 10 TeV

' PRELIMINARY
109 10~ 103
| Yl
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Teéting Flavor Ansatz

» Specific flavor ansatz can be tested because muon
colliders probe multiple combinations of operators.

« Muon colliders can break degeneracies which are “flat
directions” for low energy observables.

PRELIMINARY
103; ,/..

'
L
N /.
-
&

Ve
F

=)
(=]
o
T

A/ hYl OH@,,UT [TEV]

—
]
A

g et

103 10t 5

A/ Ay CHS,F,’,L! [TCV]

102
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u?nmary and Next Steps

A muon collider could explore new LFV physics
beyond the current reach of low energy
experiments.

It would be an especially sensitive probe of four
fermion operators, and could be used to probe
flavor ansatz because of sensitivity to different
combinations of coefficients.

Katherine Fraser, kfraser@berkeley.edu
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