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Lepton Flavour Violation

o Search for new physics (NP):

) Lepton Flavours
one prominent probe — LFV

e | u | T
o Lepton Flavour (LF) is conserved by SM ve | vy | e

o LF is an (accidental) global symmetry

o Lepton Flavour Violation (LFV) !

o neutral LFV: ve, vy, v¢
— neutrino oscillations

o charged LFV: e, u, T
— only indirectly via v; BR(i > e1) S10°% [~ (20 ]

o Oberservation of CLFV would be NP

Very clean BSM signal (no competing SM) J
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N — jie < 6-107° [SPEC]

n' — fle < 4.7-107* [CLEO 1] JEF, REDTOP
Aup~ — Aue™ < 7-10713 [SINDRUM 1]

Tip~w = Tie < 6.1-10713 [SINDRUM 11]

Alu= — Ale™ < 10717 (projected) Mu2e, COMET

— stringent bounds on LFV

Goal: Relate 1 — e conversion and P — e |
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o Experimental signature: e with g = m,
o Only background: decay in orbit u~ — v,7ee™ (spectrum)
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What is 4 — e conversion?
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proton beam prod. U beam nul.
target target
~.

o Conversion process:

\
@ \ . without
\ /
N ’
N -

o Experimental signature: e with g = m,

o Only background: decay in orbit u~ — v,7ee™ (spectrum)
o Normalisation: muon capture y (A, Z) — v, (A, Z — 1)

o Distinction between:

o Spin-independent (SI) — coherent enhancement (~ #N)
o Spin-dependent (SD) — non-coherent (only Jy,c. 7 0)
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EFT framework

Standard Model EFT

o Model-independent effective field theory description of BSM physics
with higher dimensional operators obeying all SM symmetries:

1 1
SM EFT SM (5) (6)
L =LM4 L0 4 SO 4

o Can be seen as the low-energy effective theory of any theory
introducing new physics at high energies
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o Model-independent effective field theory description of BSM physics
with higher dimensional operators obeying all SM symmetries:

1

1
SM EFT SM (5) (6)
L =LM4 L0 4 SO 4

o Can be seen as the low-energy effective theory of any theory
introducing new physics at high energies

o Naturally contains LFV operators:

YA L¢3 I g I

Can be used to describe all LFV processes in a model-independent way J
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EFT framework
Formfactors and nuclear response

o No interaction with elementary particles, but with whole nucleus
o Need to incorporate quark-level description of interactions
into hadron- and nucleus-level processes
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EFT framework

Formfactors and nuclear response

o No interaction with elementary particles, but with whole nucleus
o Need to incorporate quark-level description of interactions

into hadron- and nucleus-level processes
o Requires hadronic matrix-elements ...

o

... for each operator (gluons not shown) ...
. and nuclear responses ...

v
Al Al
Exp Theory Exp Theory Exp l'he;l y

o ... in terms of multipoles, calculated in the shell-model
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EFT framework

Fundamental Idea

Observation
P — jie is mediated by the same operators as SD y — e conversion J

o Decays of light pseudoscalars P = 7%, 7, 7":

e

Probes pseudoscalar P, axialvector A and gluonic GG operators J

o The same operators appear (among others) in ;1 — e conversion:

e I3 e 14 e
H ~ ~
(,@;@M NA LN qq v &

— Need: Masterformula for both processes in terms of these operators J
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Master Formulae

o relevant part of effective Lagrangian:

1 Pq/— _ Aq/— _ I3 c, ~.
Lef D FY;R[CY Y(eyu)(aysq) + qu(ey’r"]l)(q’rﬂsq)] + T;y;RCgG(eyy)Gﬁng” +h.c.
oW X pd
q i q Iz g "
pseudoscalar axialvector gluonic
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Master Formulae

o relevant part of effective Lagrangian:

1 P A io G =
e[ e (5 s GG (w—y\ G2 CHV
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q e q e g e
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o In general the operators do not appear in the same linear combinations
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LFV Operators:
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o In general the operators do not appear in the same linear combinations

o If we consider one operator at a time, the transition is immediate:
U — e (exp.) ‘ P — jie (derived) ‘ current limit
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o If we consider one operator at a time, the transition is immediate:
U — e (exp.) ‘ P — jie (derived) ‘ current limit

BRo<4x 107 | <3.6x1071°
BRri <6.1x1071% | BR,<5x10 " | <6.0x107°
BRyS7x1071 | <47 x107*

(scan over all "one operator at a time"-scenarios and choices for constants)

Derived limits are several orders of magnitude better! )
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Results Deduced Limits

Deduced Limits (rigorous)

For rigorous limits we need to scan over all Wilson coefficients:

o Want linear combination of operators to

o minimise ¢ — e conversion
o maximise P — jie

— 3 fine-tuned solution to make y — e conversion vanish

o In this scenario 71° — jie vanishes as well:

rigorous limit: Brro_,5.< 1.0 X 10713 (exp: <36 10_10) J

o However, ") — fie can still be non-zero:
— Brrl(,)%ﬁe with sufficient fine-tuning in principle unbound
q 121 Qn 0

o easily spoilt by RG corrections

o contributing to S| y — e conversion
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Conclusion

Conclusion

Summary:

o Connection between LFV decays of light pseudoscalars
and y — e conversion

o Description of both processes with LFV EFT operators
(pseudoscalar, axialvector and gluonic)

o Derived indirect limits for P — jie
surpass the direct ones by several orders of magnitude
— going beyond the "one operator at a time"-strategy

o Fine-tuning may relax limits, but RG corrections limit cancellation

Outlook:
o Future results from Mu2e and COMET can further improve these limits

o General treatment of y — e conversion:
beyond Sl or SD, combining nuclear and bound state physics

o Inputs from ab-initio methods ?
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Description of y — e conversion

Effective description by separation of the appearing scales

Conversion o
= / ' ® ®
Rate . O %

bound state physics nuclear response hadronic matrix elements (short distance) EFT operator

o

EFT operators from Lagranian: if e {eyu ey v eyoun}. (T=S$,P.V,A T.D, GG GG)

_ 1 T T I, , , ~
Lefr = ﬁzr Cq (LY Q9) Qe {aq.9v°q.a7"q.av" 1% 0, a0 g, IV, G5, 6L 63, 6L}

hadronic matrix elements: |
ri - non.rel. _
(N| QU9 |N) —~ Fon inOiuy ——> ~ oNRONRNR

@)

O nuclear mu|tipo|eS (She”-model): O,NR e {Il,?, V,...and all combinations}
<M| O!\IR | M> —S féN Se {M,Z(”),CD(”), A(”),Q(”),l"(”),l_[(”),(a(”)}

o

bound state physics (numerical):

(3] LT [p(1s)) —~ FoOr¥, with Yo, ¥, % V(1) <= pen(r)

F. Noél (Uni Bern, ITP) u—e& P —jie 30.10.23



Backup-Slides Master Formulae

Master Formula: P — e

q A
Decay _ & \
Rate / )
Q2 2
hadronic matrix elements (short distance) EFT operator
(M3 —
Brp_yset = |y 2
oK 167T Mf, YZLR
A, h}
C$:Z <j:C IS my — C9 >+—C
2m
; ; T 7 7
e} Only contributions from: Pheno | Lattice | Pheno | Lattice
~ BT 1] os80| o077] o066] 056
Fr
) P, _A' GG bl 1| oso| o077| 066| 056
o hadronic matrix elements from B0 0| —126| —117| 145 150
. 3 P P
lattice-QCD and phenomenology 22| © o.017 0.038
a5 [Gev®] | 0| —0.022 | —0.021 | —0.056 | —0.048
o Ward identity: by Ward identity
2 Phenomenology: [Escribano et al., 2016]
b quP =b hq — a Lattice-QCD: [Bali et al., 2021]
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Master Formula: SD 1 — e conversion

q 0
; o o) AN
Conversion  _ b \ S
Rate O ® ’),>® ® ©
Q@ 12
bound state physics nuclear response hadronic matrix elements (short distance) EFT operator
4m5a3z3 Z 4
ff 7,00 cT 7,11 T 7,01 ¢T
Brsie:"7< c ) x ¥ [cysg + cpttst + cptsg |
Yy 200 y P11 y o1
# mleap(24+1)\ Z ver'e
=L,T
Tij _ [#Ai Ni L oFTi Pl Lij _ [#Ai i M =pi =T, c
cl _[CY (1+0)+2C] ]x(u—m), ct _[ Py g ehi 20 x (i)

_ 1 m 4t _ ¢ ~ 1 ~ 1

PN _ P, N _qN GGy . AN _ A, N, TN _ T, N

CY T A2 chq mg gg T A3 Cy”an; CY T A2 ZCY qu ! CY T A2 ECY qfl?T
q q q

o numerical solution of Dirac equation: o e
ZA = 11.64, ZH =17.65 [Kitanoetal, 2002]  * - ]2
—_— D
o corr. from NLO chiral EFT and 2-body 3" = 1 é_
currents: ¢ = —0.28(5), ¢" = —0.44(4) Sl — 18
[Hoferichter et al., 2020] i “ri [CR

500~ 4

g | gy” A0 | aw(Gyv) | ef”
0.842(12) | -0.427(13) | -0.085(18) | -0.39(12) [N ool | Ward identity | . i ]
[HERMES, 2007] Exp Theory Exp Theory Exp Theory
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Outlook: Full Masterformula for y1 — e conversion

Conversion ;®d\\' @

Rate

bound state physics nuclear response hadronic matrix elements (short distance) EFT operator

o effective Lagrangian with all possible quark and gluon operators:
resS P VAT, D, GG GG
o hadronic matrix elements (including higher order terms): qu,'/(/
o nuclear multipoles (beyond SD and SI):
Se Mz o AN Q)
o full numerical solution of muon and electron wave functions
d3 r,i SN T Li (= SN
M/ KL4% (§)-CL-FL1 (3)- F% (3) F.Or¥,, (@) J
F ,q.i, N S
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Formulas |

(0lg " ysq|P(K)) = ibgfdk",
y byh®,
(0l mqgirsal P(K)) = ~L72
o -
(014 63,GL"P(K)) = a,

(N|gy"ysq|N) = g3 (N| Ny ysN|N),
mq(N|Givsq|N) = mygd™ (N|NiysN|NY,
(N|go™q|N) = £ (N| Nt N|N),
bt . s -
<N|ﬁGﬁvG§W\N> = an(N|NiysN|N),

F. Noél (Uni Bern, ITP) u—e& P —ijie 30.10.23



Backup-Slides Formulas

Formulas Il
Am? 2
Broi[u — €] = —+ Y coNoW)
P Y=[,R| N=p,n
0=SVv
=~S.N S, N
Cy A2 ZC q f + FCY an,
cyN = —ZCV"’f
Y - A2 . Yy 'Vg
3/2 2
Wy vy _ (@2)72 (Zei\" om o
> v 47t V4 I (mf’)'
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(9)
(10)

(11)
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Formulas Il

co_ P+
2 1
N N
gl =g
~ ul0 __
ay = —2mNgA =

R
1o - (12)
2
an
T (13)
—0.39(12) GeV, (14)



Formulas IV
2CA,ugu,0

Au _ ~Ad As Y A

cpu = cp chs = R (15)
A

P, P.d P, ,0
&7 6" & _fmege A (i)
my my ms A gX,O . gf\'N
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Formulas V
! 2 " 2
=2 |7 @] St = L |72 )]
L L
! 2 " 2
sh=Y |7 @) sh=Y |7 )]
L L
Sh = Y 2FH(¢?) FoH (),
L

S& =Y 2F 1 (¢?) FrH(qP),
L
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Table

4 Ui Ui
Cy? 13x10717 - -
Cy® - 15x107Y7 4.0x107%°
cy? - 29x107% 21x107%
Cy? 41x107Y7 - -
Cy® - 1.6 x 10712 2.1 x 107
Cy?° - 41x10712 54x10713
cge - 58x 10715 4.7 x 1071
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