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no anomalies
uncountable models predict signals in upcoming expts
no predictions

endless incomprehensible parameters
So how to entertain such an excellent phenomenologist as Georg for 20 minutes?

LFV is boring {

and EFT is tedious ...

(eat chocolate?)



What to learn about m,-mechanism from i — e rates?

Sacha Davidson (IN2P3/CNRS, FR)
+ Marco Ardu, B Echenard, M Gorbahn, Y Kuno, M Yamanaka, U Uesaka,...

no anomalies
uncountable models predict signals in upcoming expts
no predictions

and EFT is tedious ... : :
endless incomprehensible parameters
So how to entertain such an excellent phenomenologist as Georg for 20 minutes?

LFV is boring {

(eat chocolate?)

But LFV might be interesting later: has to exist, and many exptal searches....
...while we wait, ask “what can we learn about neutrinos from LFV?"

about the mass mechanism? magnetic moments? number of singlets? NSI? ...

A pheno question, so

1. start from data : bounds on LFV (... three ;1 — e processes)
parametrise with contact interactions

2. EFT to take data to models (peel off SM loops)

3.. what can it tell us about heavy leptonic NP?



Meet lepton flavour change...categories

e the only leptons we “see” are charged — and we see them change flavour:
€

1 v v e
% . o

source detector
But 'tis not “LFV"!
LFV = charged lepton flavour change at a point, without missing energy. eg . — e.




Meet lepton flavour change...categories

e the only leptons we “see” are charged — and we see them change flavour:
€

1 v v e
% . o

source detector
But 'tis not “LFV"!

LFV = charged lepton flavour change at a point, without missing energy. eg . — e.

e Can make categories of LFV processes: J Heeck

ALF =1,AQF =0
pA—eA, =31, h — 75T ... (1€ {e n})
ALF =2

ue — e, T —r eel...

ALF = AQF =1
K — ue, B — Krq,...

categories ~ independent below Appy



bounds/upcoming reach to ALF =1, AQF =0

SOMme pProcesses

current constraints on BR

future sensitivities

ey
u— eee
A — eA

T —{e upy
T — eee, W, efpi...

T — {Z} {m,p,0,...}

h — 7E/0F
h — pteT
7 — etuT
Z — 17T

<4.2x 10713
< 1.0 x 10~ *?(sinDrRUM)
<7 x 10713 Au, (sINDRUMII)

< 3.3,4.4 x 1078
<15—-27x10"8

< few x 1078

< 1.5,2.2 x 107 3(ATLAS/CMS)
< 6.1 x 1072 (ATLAS/CMS)

< 7.5 x 10~ 7 (ATLAS)

< x10~7(ATLAS)

6 x 10~1* (MEG)

10710 (202¢, Mu3e)

10~ 16=7) (Mu2e,COMET)

10~ (8=7) (pPRISM/PRIME/ENIGMA)

fewx 1077 (Belle-I1)
few x 10~ (Belle-Il, LHCb?)

fewx 1077 (Belle-11)

<24 x107% (Lo
2.1 x 107° (Lo)

1A — eA = pin 1s state of nucleus A converts to e



parametrising the data — EFT part 1

parametrise LFV processes via contact interactions

A e

suppose {C’é} momentum-indep (no form factors) < New Particles are heavy
(¢ = flavour, O = Lorentz structure of operators xchirality=X )

m,CH ¢ ¢
5L = ZZ( 2 - FPXquC OC+COOC+ —1—hc>

(v =174 GeV)



parametrising the data — EFT part 1

parametrise LFV processes via contact interactions

T S e

suppose {C’é} momentum-indep (no form factors) < New Particles are heavy
(¢ = flavour, O = Lorentz structure of operators xchirality=X )

¢ ¢
5L = ZZ( DX— FPXqu%OCJrCOOCJr +hc>

= express LFV rates in terms of {CO}, X e{L,R}

(v = 174 GeV)

BR(u—ey) = Cp,r,Cpr<107°
BR(pA—eA)s; = \ZTO,XCO,X\ <1077 (also SD)

BR(u—eee) = Cp x,Cvrx,CvrxCsxx <107°

12 constraints.



Next...how to get to models?

e can calculate LFV rates in BSM neutrino models
...but is backwards = want to start from data

o ? try EFT?

assumes heavy New Physics

(= neglects effects of new light steriles <> not link LFV and neutrino mag mos, etc).

{C’é} depend on (energy) scale, due to SM loops,

described by RGEs

data (u—evy, u—eée, pA—eA)




Using EFT, part 2: changing scale

Renormalisation Group Eqns allow to change scale
within an EFT< add/peel off loops

data (u—evy, u—eée, pA—eA)




Using EFT, part 2: changing scale

Renormalisation Group Eqns allow to change scale
within an EFT< add/peel off loops

H

worth to include loops, because few constraints;
models might not generate exptal processes at tree

i\ data (u—evy, u—eée, pA—eA)




(operators 4+ RGEs:everything to which data could be sensitive)

operator basis: below myy, all gauge invariant operators with < 4 legs ~100 ops.
add to Ly as 6L = 2vV/2G pCFTS (eyu) (@ve) + ...
(not dim6: bottom-up perspective/ operator dim. not preserved in matching)

above my: dim 6 + selected dim 8 (guess by powercounting)
ArduDavidson

RGEs+matching: at “leading order” = largest contribution of each operator
to each observable. (2GeV—myy:resum LL QCD, a. log, some ag log2, ag log)
not just 1-loop RGEs; two-loop sometimes relevant

(1-loop vanishes/suppressed)

... but ;4 — e rates only constrain ~ 12{08}.



many operators+few constraints=using inconvenient basis

Have 6 (+6) constraints on e, (er) operator coefficients. Focus on ey.
Want to change basis to scale -dependent basis of constrained 6-d subspace.

1. p— ey measures Cp r(m,,)
Have RGEs for coefficients (arranged in row vector)

5 C0) = GO, ) = Clm) = Clor ) Glom )

solved as scale-ordered exponential (resummed QCD, o log, some a? log?, o2 log)
= define scale-dep ¥, ~(A), column of G such that: Cpr(m,) = C(A):Ujse~y(A)
Ue~(A) is scale-dep basis vector for constrainable subspace

2-6. repeat for other independent constraints. So obtain scale-dep basis vectors for
the subspace, defined from the observables.

The “flat directions” (experimentally inaccessible) are orthogonal, and therefore
irrelevant.

Basis should span the finite-eigenvalue subspace of the correlation matrix.



match to models, and explore what we can learn



match to models, and explore what we can learn

Ex: Type Il seesaw (add triplet scalar T, [my] o [Y]Ay

LD ([Y]agleeT Tls+ MpAy He?-T*H +h.c.) + ...

Are some experimentally accessible regions inaccessible to some

models?
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Summary: maybe charged leptons can help us learn about vs

p— ey, p—eee and puA— eA have exceptional sensitivity (Arpy S 10% — 102 now,
Arrv S 103 — 10% upcoming), to only a few operators at low energy, so:

interesting to include RGESs(at leading order), because ensure that almost every y — e
operator (in chiral basis) with < 4 legs contributes at 2 O(1072) to u— ey and/or
p1—eee and/or pA—eA

Can even have interesting sensitivity to products of some (1 — 7) X (7 — e) interactions!

But most directions in coefficient space are untestable ((not an EFT-problem, its a
consequence of searching for NP under the lamppost.) Can circumvent this by changing
operator basis: a convenient basis for comparing models to 1 — e flavour-changing
observables can be constructed from the observables.

Thanks Georg



BackUp



LFV categories ~ independent below Ajrvy

ALF =1,AQF =0

pA—eA, =31, h— 75T ... (e {e n))
ALF =2

ue — e, T —» eel...
ALF = AQF =1
K — ue, B — Krq,...

categories ~ independent below Ary

e SM loops corrections to ALF =2 cannot give ALF =1 (LFVis at Appy )
e (ALF =1)> - ALF = 2, but better exptal bds on ALF =1.

o ALF = AQF =1 mixes with ALF =1 in SMEFT. But quark FCNC small, so
effect < “forseeable” exptal reach on ALF = 1. (for Appyv > 4 TeV). ArduDavidson



But to reconstruct ¢ — e bottom-up, need all data?
eg BR(m" — eTuF) < 3.6 x 1071, or BR(Y — 11l5) $ 10797

Ummm: pu decays weakly < 7, ~ 107° sec.
VS T.0 ~ 10716 sec (loop-suppressed QED), OF Ty ~~ 1029 sec (tree QED/QCD)

Compare weak p decays to anomalous QFED my decay

(write 6L ~ ——(ep)(qq) + o—(evp)(eve)) :
LEV LFV

2

BR(ji—seee) — LW=cee) “/2 LIV <1072 = Appy 2 10°GeV
['(p — evv) m;Gp Afpy
4
B [(mg — eu) |m2/A% oy ’ [AT My
BR(mg — = ~ | — ~ = A 2 TeV
o = &) ['(mo — ) a4 a Apry o e

. rare [ processes have exceptional sensitivity, because p decay weak.
Other 1 — e processes constrain “orthogonal” operator coefficients, less well.



A — eA: most sensitive process, expt + th

\
%

-
~ Al

target
(z=13,A=27, J]=5/2)

e 1~ captured by Al nucleus, tumbles down to 1s. (r ~ Za/m, 2 ra)
e in SM: muon “capture” u+ p — v + n, or decay-in-orbit
e LFV:p interacts with E, nucleons (via CY(eI'PxN)(NT'N)), converts to e

p n (Ee = my so er/eR)
M”@i A@ép A@éfn I'=A{1,75,7% 7%, 0}
H H I={S,P,V,A, T}
€r, €r, €r,

~ WIMP scattering on nuclei

0l . 1 2 .
1) “Spin Independent” rate o< A (amplitude x 3 o A) KOk

BRgy ~ ZQ‘Z...GS]‘Q : 0516{6'5,6’5, N"'},ég,CD}

2) “Spin Dependent” rate N~FSI/A% (sum over N o spin of only unpaired nucleon)
BRsp ~ |Cﬁ7 + 201]”2

CiriglianoDavidsonKuno
HoferichterEtal



Can’t we do without RGEs, etc?

in discovery mode for LFV+-electroweak loops are small...include later?

counterex: puA—+eA in model giving tensor 2y/2G pC (€0 Pru) (iou) at weak scale

1: forget loops quark tensor matches to nucleon spin NV%N . (N € {n,p})
— BR([,LA — GA) ~ BRSD ~ %|C%u|2 (CiriglianoDKuno)

Hoferichter etal

2: include QED loops my — 2 GeV:

U e q e
CH*(uou)(€o Py ) +... = 647<log - O (uu)(ePyp)
u p q p ACE(me) ~ 2O (mw)

Then, scalar ops have enhanced nuclear matrix elements, and are Spinlndep:
BR(pA — eA) = BRgsy ~ Z?*|12C¥*“|* ~ 10° BRsp

loops can change Lorentz structure/external legs = different operator whose
coefficient better constrained. Important for © — e. (?not 7 — [7)



3 processes, many ops: if AQF =0, u — e occurs, will it

Probably yes: SM loops ensure
almost every AQF =0, up — e
interaction with < 4 legs,
contributes 2 O(10~3
pu—evy , p—eee and/or pA—eA
(not enGG, enFF, eyuFOF..)

contribute to u—evy,u—eee or yA—eA?

) to amplitudes

2010.00317
coefficient —> ey ©—eée HA — e A
Cp. x| 112x 107° | 430 x 10~ 1 2.35 x 10"
Cffx x| | 1:10 % 1074 | 7.80x 1077 1.86 x 107°
C5fxy | | 2:55 % 1074 | 934 x 1077 3.77 x 1070
C&x x| | 173 % 1074 | 2.8 x1076 (3.64 x 107 9)
O x| | 110 1074 | 5.60 x 107° 1.85 x 107°
|CVXY| 2.56 x 10~% | 1.12 x 1074 3.77 x 107°
cl XX| 8.24 x 1077 | (1.58 x 107°) | (1.73 x 107?)
CT x x| | 380 % 1074 | 195 x 1074 1.24 x 1070
CT xy | | 440 x 1074 | 1.91x1074 1.25 x 107°
CTTx x| | 533 x 1076 | 1.02x 1074 1.12 x 10~4
|CS Xyl | — — —
CH x| | 110x107% | (4.20 x 1077 | (2.30 x 1077)

sensitivities/1-at-a-time bds for /L = 202G rC;0;: if model gives smaller
If it generates larger coefficients, need to

coefficients,

It 1s consistent with data.

arrange a cancellation...

< modulo cancellations, probably find © <> e



ArduDGorbahn

i —> 71X [T—oel=[p—e]l=>7
recall exptal reach: BR(y — e) — 10187200 ~ [BR(7 — 1) — 1079]?
? learn about 7 — [ from p — €7

1. if model has (@ — 7),(7 — e) , then no conserved flavour, so “expect” u — e

2. can one calculate anything model-independent? In SMEFT, (dim6)? — dim8,
eg lecqu x (0y0)(qvq) — lesquHTH t

= U L
A%FV 1672 A%FV A%FV >@<
[ e

so effective low-energy 4-fermion interaction 2v/2GrCg

4
A (G)Cg«'uuu x CeTut (T ptu

v
2 4 edt o ot M3
1 6 7-‘- A L F V //////// O‘m Oleqm

/////

3. find eg, nA — eA sensitivity complementary ”
to B~ — {e, u}v decays for some operators:

\\\\\\\\




€

h Including SM loop corrections to operators f
f fo ex: 1-loop QED + QCD (+2-loop QED V—D) s

€

p 2 G = s 4 Cemap
solve (analytically /numerically): 3,LL 47 47

5(mu) — é(ALFV)G , G = fn of SM parameters, log(ALrv/Aczp)

For exx: BR(u—evy) = 3847*(|Cp.r|* + |Cp.r|?) < 4.1 x 107" = Cp x S 107°

mw

e
CD,X(mu): CD,X(mw) (1 — 164 In )

T my,

2
116 (mTCTT X)ln2 Tw

2e(4m)? \m, > my e

Ole mw

(C““ _grorr 4 >1n
$,XXT O T XX 2loop

4de "

my,

Qe (2M m My my
a e C ~cc S ,ySs bb
12 my, m, 2Ge

4 ~qq q ~qq 2 Mmw
ot (S smmene s S mon ) e gat

d,s,b

Lor(mW) on right. X = as(my)/as(2GeV) ~ 0.44, frg ~ 1.45, ag = 12/23, a7 = —4/23.



Operator basis m, — my :

operator list:Kuno-Okada, +CiriglianoKitanoOTuzon
~ 90 Operator@wmanChengLil\/latis

Add QCD xQED-invar operators, representing all 3,4 point interactions of y with e
and flavour-diagonal combination of v, g,u,d,s,c,b. Y € L, R.

m, (€™ Py 1) Fap

(ev" Py p)(evalye)
(ePyp)(ePye)

(e Py p) (Bva Px )
(€Py p)(mPy 1)

@y Py ) (fraPy f)
(ePyp)(fPyf)

(eaPyp)(foPyf)

1
—(€Py )G oGP

my

1
—(ePy ) FogFP
mt(6 vi)Fap

dim 5
(ev" Py p)(evaPxe)
dim 6

(&Y Py p)(BvaPxp)
(@Y“Pyp)(fyaPxf)
(EPY:LL)(TPXJE) f S {U,d,S,C, baT}

1 -~ |
—(ePy )GopG dim 7
my

1 ~ 0
E(epyu)FaﬂF ...zzz...but ~ 90 coeffs!

(Px, Py = (14 5)/2), all operators with coeff —21/2GrC.



But 3 processes, ~100 operators = zoo of flat directions?

DKunoYamanaka

Count constraints: (write £ = Cf vt /o™ 07 o . X,Y € {L, R})

n—evy: BR(p—ev) = 384n*(|Cp..|* + |Cp.r|?) = 2 constraints
p—>eee: (e relativistic /& chiral, neglect interference between ey, eR)
C 2 m
BR = % + 2|Cv.rr + 4eCp 1|” + (641n —2 — 136)|eCp 1 |”
Me
+ |Cv.rr +4eCp | + {L ++ R} —=> 6 more constraints

HA — e A :(SQI,V/‘;V:integral over nucleus A of N distribution X lepton wavefns, different for diff. A)
BRs; ~ Z|VCU  + S4C% o+ VACy + SuCsr+ DaCo il + |L < R|”
BRsp ~ |CY +2C7)
SI bds on Au, Ti, (+ SD on 7Ti, Au?) = 4 4+ 2 more constraints
future: improved theory, 3S14+2SD targets => 644 constraints

is 12-20 constraints on ~ 100 operators a problem?



