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Qutline

® |ntroduction: LFV and new physics
® Effective theory framework for LFV phenomenology
® The reach and model-discriminating power of

® muon decays

® tau decays



LFV and new physics



LFV and BSM physics

® V oscillations = L.y not conserved

® |n SM + massive “active” v, effective CLFV vertices are tiny (GIM)
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LFV and BSM physics

® V oscillations = L.y not conserved

® |n SM + massive “active” v, effective CLFV vertices are tiny (GIM)
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® CLFV processes are an extremely clean probe of “BvSM” physics

EVSI\"I — ‘CSM + ‘CI/—HlaSS S~ dim-4 Dirac or

dim5 Majorana



The underlying picture

E New LF and possibly LN violating interactions,
involving new particles, somewhere between GUT and weak scale

/\G Ut SM particles BSM particles
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Each scenario generates specific pattern of low-energy operators,
controlling V mass (dim5) and LFV processes (dimé).
We can probe the underlying physics through a combination of low-energy and collider searches



CLFV processes

® Muon processes: 1 — ey, pu—eee, p(A, Z)—e(A 2)
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CLFV processes

® Taudecays: 7 — (v, T — €al75€ﬂ, r—=(Y Y =PSV PP,..

90% C.L. upper limits for LFV 1 decays
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CLFV processes

® Great “discovery” tools

® Observation near current limits = BSM physics

® Great “model-discriminating” tools
® What type of “mediator’™?
U—3e vs M —ey vs M —e conversion
T3l vs T2y vs T 1|+ hadrons, | =e,l
® What sources of flavor breaking?

H—=e vs T—H vs T—e



EFT framework



Effective theory framework

A
E SM particles BSM particl
k /
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Eexp << MBsm >< /@\

A < Mgpgn Ci lggsm, Mo/ M)

® FEach UV model generates a specific pattern of LFV operators



® Dipole

Rich structure at dim=6

1’\2

Dominant in SUSY-GUT and
SUSY see-saw scenarios
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Rich structure at dim=6

e Dipol T B
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Dominant in SUSY-GUT and
SUSY see-saw scenarios
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® Scalar A2 © Prre qq

(Pseudo-scalar)

Dominant in RPV SUSY and RPC
SUSY for large tan(8) and low ma,
leptoquarks




Rich structure at dim=6

e Dipol ool o e
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— > AAARAAAF———

Dominant in SUSY-GUT and
SUSY see-saw scenarios

[(Hl‘_s"]ij 4 7 —
® Scalar A2 © Prre’ qq

(Pseudo-scalar)

Dominant in RPV SUSY and RPC
SUSY for large tan(8) and low ma,
leptoquarks

Integrating out heavy quarks generates gluonic operator:
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Rich structure at dim=6

. Vow [Q D]ZJ _; s, d\rréj
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Dominant in SUSY-GUT and
SUSY see-saw scenarios
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SUSY for large tan() and low ma,
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Type |l seesaw, LRSM, leptoquarks



Rich structure at dim=6
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What can we extract from data

¢ What effective scale A are experiments probing?

¢ What is the relative strength of various
operators (Xpvs (s ...)! — Mediators, mechanism

¢ What is the flavor structure of the couplings
([&p]eH vs [p]™M...)? — Sources of flavor breaking

\

(Not discussed in this talk)



Reach in A

e LFV BRs scale as

[BRo(—»B ~ (va//\)4>x<(O(n)o(52J

e Current limits on 4 ey and T Y imply

[A/\/[Q'D]“e > 3.4 x 10* TeV J [ A/ ap]™ > 5.7 x 10* TeV J




Reach in A

e LFV BRs scale as

[BRWB - (vEW//\)4*(o<n)a52]

e Current limits on 4 ey and T Y imply

[A/\/[QD]#@ > 3.4 x 10* TeV J [ A/ ap]™ > 5.7 x 10* TeV J

l

Assume LFV signals are within reach of planned searches
(e.g. new physics at TeV scale and reasonable mixing parameters)
Ask what can we learn about the underlying mechanism




Model-discriminating
power



Discriminating power: MLFV matrix

pnw—3e p— ey u— e conversion

O%y/ v - -
Op v v v
0, - _ /
0% - _ v




Discriminating power: MLFV matrix

pnw—3e p— ey u— e conversion
of, v - -
Op v v v
0f, _ - /
0! — - /

® The notion of “best probe” (= process with largest rate) is
model dependent

® Comparing rates of various processes is a key handle on
relative strength of operators and hence underlying model



Discriminating power: MLFV matrix

p—3e p—ey [ — e conversion

o, -
Op /
0, - _ /
0L - _ /

® U — 3e vs M —eY:relative strength of dipole and 4L operators
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Discriminating power: MLFV matrix

pL—3e u— ey p— e conversion
4¢
Op v
q
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q
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: D
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target_dependence Of H — ey 1{ [ransition charge radius: (q"!’yﬂ — qqp)
M —e conversion: /

. e T tor or Scala
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U—e vs U—ey

e Assume dipole dominance:

=+ (Z,A)—e +(Z,A)) Kitano-Koike-Okada ‘02
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U—e vs U—e

e Assume dominance of D, S, orV, and look at B(u—e, Z1)/B(H—e, £2)

Target-dependence of

the amplitude is different
for D, S,V models
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Discriminating power: TLFV matrix

T3u Topuy ToprtnT 1o uKK tour 17— pun’)

O%fv 4 - - - - -
Op v Ve v v — —
0% _ _ / (I=1)  /(I=0,1) _ _
0d _ _ / (I=0)  /(1=0,1) _ _
Oca — — v v — —
04 _ _ _ _ / (I=1) v (I=0)
04, _ _ _ _ / (I=1) v (I=0)




Discriminating power: TLFV matrix

T3y Ty TourtrT T uKK T —um T—);m(')

O5'y 4 - - - - -
Op / v/ v/ / - -
0% - - v/ (I=1)  /(I=0,1) - -
04 . - / (I1=0)  /(I=0,1) _ _
Oac . - / / - -
04 - - - - / (I=1) v (I=0)
04 . - - - v/ (I=1) v (I=0)
O - . - - - /

® There is life beyond leptonic and radiative decays!

® Hadronic decays sensitive to large number of operators,
but need reliable form factors and decay constants




Discriminating power: TLFV matrix

T3y Ty ToupurtrT 7o uKK T —um T—)pn(')

O5'y v - - - - -
Op / / / / - -
0% - - v (I=1)  /(1=0,1) - -
04 - - / (I1=0)  /(I=0,1) . -
Oac - - / / - -
04 - - - - / (I=1) v (I=0)
04 . - - - / (I=1) v (I=0)
O - - - - - /

® Recent progress in T —(e)TTTT using dispersive techniques

® Form factors determined by solving 2-channel unitarity condition,
with 1=0 s-wave meson-meson scattering data as input

2
Celis-VC-Passemar 1309.3564, . . ¢ , —_
Daub et al 1212.4408 { ImFn(s) = Z Tnm(s)am(S)Fm(S)] n =TT, KK

m=1




Celis-VC-Passemar 1403.578|
® Jwo basic handles: |) Pattern of BRs

pr e pp pfo 3 py
D Rrp 0.26 x 102 0.22 x 1072 0.13 x 1073 0.22 x 102 1
BR <11x10719 | «<97x1071 | <«57x10712 | <9.7x1071 | <4.4x%x1078
A
T M T U
- (__;_} - - )~ T—o—{ j/-—o—u
q q b M
' R (Tt — F)
ustrative FM =
benchmark F(T — FM)
model . Dominant LFV decay

mode for model “M”




® Jwo basic handles: |) Pattern of BRs

Celis-VC-Passemar 1403.5781

pr T 1P 1 fo 3 Ly
D Rrp 0.26 x 102 0.22 x 1072 0.13 x 1073 0.22 x 102 1
BR <11x10710 | «97x1071 | «57x10712 | <97x107 | <«44x10°8
S Rrs 1 0.28 0.7 - -
BR < 21x107% | < 59x107? | < 147x1078 - _
v) RF,V('Y) 1 0.86 0.1 - ;
BR < 14x107% | < 12x1078% | <« 1.4x107? - _
7 Rp 7 1 0.86 0.1 - -
BR < 14x1078% | < 12x107% | <« 1.4x107°? - _
Q Rra 1 0.41 0.41 - -
BR < 21x1078% | < 86x107°? | <« 86 x107? - _
T I'r— F
lllustrative RF, M= ( )
benchmark F(T — FM)

model

. Dominant LFV decay

mode for model “M”




Celis-VC-Passemar 1403.5781

® [wo basic handles: 2) Spectra in > 2 body decays

LI N N N N N N N N N N BN N N N B B

|

T T 1 T T T 11

1.4F B
.20 fo =
> C ]
& 1.0 .
go.s} Diole moder 1 Spin and isospin of the
'>_|< 0.6 =0 < hadronic operator leave
5;: 04" Ceise=0 | imprintin the spectrum
T N
0.2- .
C Loy by oy by oy g | PV NI T T AN S T A N A
0064 06 08 10 12 14 16
Vs [GeV]
';-;0.40: ]III]III]IIAIIII]III]IIII: 'Ez“l"']"'l“fl"‘ LI

- - i surtn 13 -1 _
(30.35; dBR(r-un*77)/dV's x 10" [GeV ] - 8 dBR(r-unn7)/dVs x 10" [GeV™']

2 - B 9‘—’ - i
e % % -
x 0.25- ' CS— iy = X p fo .

- =0,A=1 -

2 0.20- | veo=0 A= B C |
4 - . g | .
05 | I
+ C f0 . +

5 0.10- } E 5 -

- g T Ceise=0, A=1TeV
\;;0.055 / \ — ‘% I else |
% 0.00: N TR WO Ty S S e e sl B | | lxr - e S S S ] . % 0 [ (T T | SO~ 1 |
o 04 06 08 10 12 14 16 04 06 0.8 1.0 1.2 14 1.6

Vs [GeV] Vs [GeV]



An operator of special interest

® Non standard (LFV) Higgs couplings

4 ™
Nii = L
ALy = —A—; (Liel, H) HHH — —Y;; el h
\_ / \ v,
High Energy: Low Energy:

LFV Higgs decays

h < I

Dipole, Scalar, Gluon operators

Goudelis-Lebedev-Park ’11
Davidson-Grenier ’10
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® Constraints: Higgs decays vs low-energy LFV and LFC observables

® e sector: powerful low-energy constraints = BR(H—pe) < 10/

* Diagonal couplings
set to SM value

Plot from
Harnik-Kopp-Zupan’
1209.1397

Yl



® LT and eT sectors:
® Strongest low-energy probes of Yrerp:
|. T— MY via one- and two-loops, sensitive to UV details

2. T— MUTITT via loops and tree graphs, less stringent but more robust




® LT and eT sectors:
® Strongest low-energy probes of Yrerp:
|. T— MY via one- and two-loops, sensitive to UV details

2. T— MUTITT via loops and tree graphs, less stringent but more robust

(s) c,b,t contribution
never included before
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® LT and eT sectors: strongest constraints from Higgs decay at LHC!

19.7 fb"!,
Vs = 8TeV
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BR(H—=UT) < 1.57%
@95% CL

CMS PAS HIG-14-005

1073 110“2
CMS 2014

T— UTTTT

Plot from
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1209.1397

"Higgs-mediated LFV
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Conclusions

e Charged LFV are great “discovery” tools: clean, high scale reach

e They are also great “model-discriminating” tools:

- Operator structure — mediators

- Me vs TM vs Te — sources of flavor breaking

e Hadronic tau decays such as T = UTTTT should not be overlooked!
- Sensitive to many operators, including Higgs-induced ones

- Model-discrimination via BRs and spectra
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T > UTITT decay ()

e Tree level Higgs exchange:

h ~ h ' h , ' (Ys h ~a v
E('j.j. N — ; Z !/(1 )7}([ (1 (1 - Z l ) !j([ x !11/(.1”

27
q—ll.(/..\‘ q—('.().f

e Trade Gluonic operator for trace of energy-momentum tensor



T > UTITT decay (2)

e T —MUTTTT differential decay rates (scalar and dipole-mediated)

h h
2 _h MYy + MYy _
Ko = Z v, Ka=yi—Ko, Kp=—"t—"=l Ky
q c,b.t
~N
¢ ‘ 91 1/2
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Form factors
e Two channel unitarity condition (TTTT, KK) (OK up to /s ~ 1.4 GeV)

4 )

Ian Z Urn 771(8) n = 1T1T, KK

. J

e General solution:

4 )

F_(s) _ Ci(s) D1(s) Pr(s)
2 F(s) Ca(s) Da(s)) \Qr(s)
7 N fomemt

Canonical solution falling as |/s for large s |
(obey un-subtracted dispersion relation) matching to ChPT

X(s) = C(s), D(s)
4 , )
e Solved iteratively, using input on s- | y o) _ Z)‘: 1 /oo A e Do Xm (D)

_ nm : m

wave |=0 meson meson scattering —m Jamz t—s
N y,




e Results
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Target dependence of mu-to-e

® Conversion amplitude has non-trivial dependence on target atom,

that distinguishes D, S,V underlying operators

-

. N
My ~ (e ;A Z / Pr O)(z) (5q(;sz) 13 A, ZY | crameckiMarciano-
Melnikov
‘ Kitano-Koike-Okada
A / 3z 1. 0n (A, Z\(A)q A, Z)
\ ’ // \\ J
- Lepton wave-functions in EM field - Sensitive to hadronic and nuclear properties
generated by nucleus
- Relativistic components of muon wave- (A, Z| ql'q |A, Z)

function give different contributions to

|

D,S,V overlap integrals. For example: A
< A,, / ‘ YN I’ WN ‘*4‘, Z >

‘c ,7,,0,2%,{",# — Z_’ e L‘,u + O (:l"’,u.. / C) l
- Expect largest discrimination for heavy (A4, 2 "L'_’f’1>(7""ﬁ0>'L"'i“’p A, Z) =
target nuclei <A, VA ‘ 'L-'f'v’-n(",»"“'(‘))"l.f'ﬁ"’n, ’A: 7 > —

A—7

7
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** Qualitative behavior of overlap integrals
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Dominant sources of uncertainty:

e Scalar matrix elements (3| m,qq|i) = g(gi)'z/_)z-'zpi

OrN = k. ;— T <p|’au — Jd‘p) — 53 *21 1o MeV [ (45 £15) MeV J

Lattice range 2012

ChPT JLQCD 2008 (Kronfeld 1203.1204)

= 8 <])|-§S|-p> e [0,04] — [0,0.09] [ [0.04, 0.12] ]
" (pluu + dd|p)

e Neutron density (heavy nuclei)

e NLO chiral corrections in matching from quarks to nucleons!?



® Beyond single operator dominance: S and D

B(u— et Al) / Blu— ¢y)

B(u— ¢: Al) / B(u— ¢y)

Relative sign: +
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E Uncertainty from
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Relative sign:

B(u— e: Pb) / B(u— e: Al)

B(u— e: Pb) / B(u—- e: Al)
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Beyond single operator dominance: S and D

Kitano-Koike-Komine-Okada 2003

e o i R
’ e ey a ) v -
Explicitly realized in SUSY see- ‘
saw models (scalar operator R W o w w
mediated by Higgs exchange) . éy B " -
x tan /7 /msL? ~ tan” 3/ma2
- /
10 pemsspemmin st e e s [
il i) N
>0 e >0 -

mixing: LL
121

s {aN[3=60

s tANR=50

B(u—e; Pb) / B(u—e; Al)

tanp=40
S0l e
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Mgysy=1000 GeV [ Mgysy=1000 GeV
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Benchmark models: D, S,V(z),Vy)

-
(g) LT, - - ~
Leﬂ' — —\_2 (CDR"?#(’(T’ PL!“L + CDL'n#e(T, PR[.L)I"”,
3 Z(C;‘-’,'ee"*/” Pru + CV) &y? PLit)Gy 4
5 Z(CJS"Rm#mq(;FePL# + CSLm m,GréPru)gq + H,c.:l
NS

J
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Vector model: V(Y)
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LHC bounds on LFV 4-fermion operators

® 4-fermion operators mediate p(ﬁ) — lolg + X
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® Probe scales up to

A\ ~ 10 TeV for both
light and heavy quarks
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If A >>TeV, EFT description is appropriate at colliders

Han-Lewis-Sher 2010
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CLFV in see-saw models
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Type I
Scalar triplet
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Type lll:
Fermion triplet
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® Observable CLFV if see-saw scale low (with protection of LN)

® FEach model leads to specific CLFV pattern




® CLFVinType | seesaw: loop-induced D,V operators, coefficients
controlled by N; masses
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® For ~degenerate N; masses (suppressed LNV), ratio of 2 rates with
same flavor transition depends only on seesaw scale

Alonso-Dhen-Gavela-Hambye ‘13



® CLFVinType | seesaw: loop-induced D,V operators, coefficients
controlled by N; masses
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® With three rate measurements (2 ratios):
® determine seesaw scale or

® rule out scenario

Alonso-Dhen-Gavela-Hambye ‘13



® CLFVinType Il seesaw: e

tree-level 4L operator [ Ya - e .
(D,V at loop) — L€ L
4-lepton processes Ya o YA AT Y] €
most sensitive e

® CLFVinType lll seesaw: tree-level LFV couplings of Z =

U —3e and 4 —e conversion at tree level, | —eY at loop
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® Ratios of 2 s - | A
with same flavor Br(r — uy) = 1.3-107%- Br(t — pup)
transition are fixed Br(r —ey) = 13-107°- Br(r — ece)




Sources of flavor breaking

e Each model has its flavor group (¢ field content) and sources of
flavor breaking Yi® (Yukawa-type, mass matrices of heavy states, ...)

e Y leave imprint in my and CLFV effective couplings Gpys,..

YiFB
Not invertible

in general / \

No simple relation

(Mv)PLYiB] L5 O (tpsw)®[YiFE]

e No general statement is possible in general. However, CLFV
provides non-trivial tests of any given ansatz for Y,

Cleanest test-ground: —ey vs T 2 Uy (T —eY)



e Example: Type Il seesaw model (scalar triplet)
Explicit realization of Minimal Lepton Flavor Violation

CLFV controlled b)’ Rossi '02, VC-Grinstein-Isidori-Wise '05
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(super-)B factories



e A different example: SU(5) GUT models (with ~ degenerate N;)

e Two competing structures:
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PMNS mixing pattern

CKM mixing pattern
[~ Barbieri-Hall-Strumia ‘95]
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e CKM = more hierarchical pattern of BRs: T — LYy is within reach

of (super-)B factories
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