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Not an overview (hard to make interesting)

1: random comments about LFV +what we know

2 interesting theory results

2: EFT for p<re light LFV NP: Redigolo
if <> e is there, will we see it?
If we see it, what can we learn?

Sorry to everyone | forgot to cite!




Reasons to like LFV

e |leptons do not have strong interactions

e |leptons can generate the baryon asym. (non-perturbative SM B+I) without proton decay

e [m, | says there is NP in lepton sector, that must give LFV.

so LFV exists —yippee!—but we don’t see it yet...



Heeck

What we know: categories of LFV constraints

ALF =1,AQF =0
pA—eA, 7 =3l h— 75T (L€ {e, u})

ALF = AQF =1
K — ue

loops ~ not mix categories below Ajry

ALF = AQF =1 ... leptoquarks?

ALF = 2: muonium oscillations

ALF =2
Ue — e, T — eeldl...

Swallow-NA62, Zuo-p-ion collider
Frau-LHCb, Fulghesu-LHCb

Uesaka (th), Zhao (expt)



what we know about LFV : bounds/upcoming reach
ALF =1,AQF =0 (ALF =AQF =1), (ALF =2)

SOMme pProcesses

current constraints on BR

future sensitivities

€7

u— eee

ulr — el
wAu — eAu

(n—eyy

T — {e, 1}y

T — eee, W, efpi...

(&
T — T, 0,0, ...
{u}{ p, b

<42x1078

< 1.0 x 10~ *?(siNnDrRUM)
< 6 x 10713, (sINDRUMII)
< 7x 1071 | (sINDRUMI)
< 7.2 X 10_11> (CrystalBox)

<3.3,44x1078
<15-27x10"8

< few x 1078

6 x 10~1* (MEG) — ...

10716 (202x, Mu3e)

10~ 1627 (Mu2e,COMET)

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

fewx 10779 (Belle-I1)
few x 10~ (Belle-Il, LHCb?)

fewx 10779 (Belle-I1)

h — 70T < 1.5,2.2 x 1073(aTLAS/CMS) | < 2 % 1072 (1LO)
h — pteT < 6.1 x 1075 (ATLAS/CMS) 2 x 107° (1Lo)

Z —etpuT < 7.5 x 10~ 7(ATLAS)

7 — [ErT < ... X 1077 (ATLAS)

Kt — ntje < 4.7 x 10712 (Eses) 10712 (nA62)
muonium Parir < 8.2 x 1071 (ps)) 2 x 10~1* (mAcE)




Parametrising LFV data: the many defns of A

1. draw tree diagrams for a process
2. parametrise blob as Lorentz-+gauge invariant operator (of dim n)
3. write coupling constant C;/A™™* for operator Oy

4. add to Lagrangian

(A for C; =4n
A for C;r=1
data constrains C;/A™™%; can bound: { A for > ,C% =1
C for A=v
| ¢ for A =TeV

(then there are 2s for +h.c, flavour sums, ...)

1 1
SLrrv = 2V2Gk g C[@[—i—ﬁ E C;O54 ...+ h.c. |, 2\/§GFEE
1 J

Z727...



But what about the dipole?

the dipole operator allows on-shell fermion to emit on-shell v: ©— ey, edms, g-2

M
+‘i 0L sysery = A7 (Cp,rero* ur, + Cp Rz’ 1iR) Fap

op. is dimb at low energy, dim6 in SMEFT... what mass upstairs? M : ?m; — v?




But what about the dipole?

the dipole operator allows on-shell fermion to emit on-shell v: ©— ey, edms, g-2

M
+‘§r 0L sysery = A7 (Cp,rero* ur, + Cp Rz’ 1iR) Fap

op. is dimb at low energy, dim6 in SMEFT... what mass upstairs? M : ?m; — v?

KunoOkada (me): M =m,, for p—evy, M = m, for d:

BR(p—ey) < 42x10719% = AL, 2 10%

de <4.2x107%%cm = A%, 23 x 10%

EU Strategy : M = v

z
107, N = §107
e 5 —|106% E; < i i %t I‘§ %106
BR(p—ey) = ALty 24x10% Al TR T L 1
< 10 = ! 10
de = A?\?p >4 x 10% 3 10 10

10%.
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what we know about LFV : bounds/upcoming reach
ALF =1,AQF =0 (ALF =AQF =1), (ALF =2)

SOMme pProcesses

current constraints on BR

future sensitivities
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The 7 <> [ sector : marvellous place to observe LF'V

many processes: current data give indep bounds on magnitude of (almost) all operator
coeffs, with Appyv ~ 10 TeV
= promising for distinguishing models (+insensitive to most loopsatheoretically simple)

expected sensitivity of Bellell: BRS 1072 — 1071° & Appy ~ 30 TeV.

B Marginalized

Individual

1 IIIIIIII 1 lllIIIII 1 IIIIIIII 1 lIIIIllI 1 lllIlIlI 1 L1 11111

106 10—° 104 103 102 101
IC|/(GrA?)

(taken from BanerjeeEtal, Snowmass WPaper 2203.14919 ) dipole as CyvOp = Cpm,Op !




EFT for the u <> e sector

M Ardu, B Echenard, S Lavignac

(only) three processes with restrictive bounds
+exceptional upcoming exptal sensitivities

1. if u<>e LFV is there, will we see it?
| want to know what data tells me about models (not what models prefer for data

= use EFT...
3 are there are too many operators in EFT?

4. if we see 11<>e, can we learn something about the model?

2. count exptal observables (~ 12)

3 processes




Are y— ey, un—eee, uA—eA sufficient for discovery? 20100017
7

e 7 e
Problem: below myy, (~100) 4-legged AQF=0 p<e i
interactions~operators, few are measured
J2 Jo  fs f2

Question: if AQF=0, u — e occurs,
will it contribute to u—evy, u—eée or pA —eA?

Can show : SM loops ensure almost every 4o
AQF =0, u — e interaction with < 4 legs, _i@
contributes 2 O(107?) to amplitudes [ e
pu—ey , p—eée and/or pA—eA (not enGaG..)

Answer: 7Probably yes? (modulo cancellations)

that is: current bounds sensitive to Appyv S { 100 = 300 TeV at tree

3 — 10 TeV at loop

with upcoming <+ e reach, even probe 7-LFV, via (u — 7) X (7 — €) Ardu



What can be measured in y1— ey or yi— eée? (review from KunoOkada)

KunoOkada

1
5£ﬁ_>e:y = ﬁ [CDR(mMEJO‘B,uR)Faﬁ -+ CSRR(EPR,U) (EPRG) -+ CVLR(E’}/Q/LL)(E’}/QGR)
—Cee mu
1 1
—I—CVLL(EfyO‘PL,u)(EfyaPLe)] + = {R YRS L] 3 2V2G -



What can be measured in ;1 — ey or ;i— eee? (review from KunoOkada)

KunoOkada

1
= [CDR(mMEaO‘B 1r)Fag + Csrr(€Pru)(€Pgre) + Cyrr(ev® L) (€vacr)

my

0L ey

pu—eee

1
n2

—|—CVLL(E’}/QPL,LL) (E’)/QPLG)] -+ .

1

RoL| |, —=2/2Gr
v

[ — ey with p-polarisation fraction P,, 0.= angle between p-spin and p.

dBR(p— ev)
dcos 8,

= 19277 [\CDR|2(1 — P, cosf.) + |Cpr|*(1 + P, cos 96)]
KunoOkada
n—reee : (e relativistic = negligeable interference between ey, er)
Cs, |

BR = P2 42|0vrr+4eCp il + (641~
Me

+ ‘Cv,RL + 4€CD,L‘2 + {L s R}
1t pol. + e angular distributions = measure 4[ coefficients + some phases

— 136)|60D’L‘2

OkadaOkumuraShimizu

=> measure magnitude of {Cpgr,Cvrr,Cvirr,Csrr,+|[L < R]|}



If see uA — e A — what can be measured? (Haxton talk with this title!)

KunoNagamineYamazaki

e /1~ captured by nucleus, falls 1o, 1s. (can obtain some p polarisation)
o /145 e via dipole (with E) or Cr x eFPX,u)(NFN)

4@ Ah@é Ah@é I'= {1775’,}/047,}/0(7570.}
'={S,P,V,A, T}



If see uA — e A — what can be measured? (Haxton talk with this title!)

KunoNagamineYamazaki

e ;. captured b nucleusﬁ fa||S an obtain some u polarisation)
e (1 <>e via dipole (with E f’PX,u J(NT'N)

4@ Ah@é Ah@é I'= {1775’,}/047,)/05,75’0.}
'={S,P,V,A, T}

e leading Spln Indep.” contrlbutlon from {D,V,S}, coherent across A (&r grows with A)
Spin Indep. conversion ratio on target A: KitanoKoikeOkada 2002

32G4m

T [|I€ACPL+I§ACPR+IVACVL+ISACSR+ID ACp g+ |L < R| }
cap

IHA: elons A lepton wavefnsx S/V density of Ns Hitlin. Haxton

] ] CiriglianoDKuno, DKunoSaporta
e include Spin Dependent (real nuclear phys caln) HoferichterMenendezNoel

® better neutron densities

® More targets HeeckSzafronUesaka
® Mmore operators DKunoUesakaYamanaka
e NLO xPT ... CiriglianoEtal 2203.09547

e with sufficient targets + th. accuracy, measure all C's?
(I assume (uA — eA)s; now, constrains {Cai.r,Cai,ry,Caul,LyCaul R})

DKunoYamanada



to define operators for targets:

Spin Indep. conversion ratio on target A, KitanoKoikeOkada 2002

32G%m

5%
B : [|I€,AC€,L + 15 4C8 g + IV, ACY.L + 15,.4C5 k + ID,ACDRI +|L ¢ Rﬂ
cap

= target A identified by unit vector

1 mn
\/ﬁ (IXZ;,A’ Ig,Av IV,A? Ig,Aa ID,A)
r

Ug =

and sees coeff. CAzé -v4 of operator OAzé - V4 (check:substitute into BR)
Ex, for Al (all {Ir} comparable)

1 1
On = (0%, +0%p+O0%,+0%p+50p.5)
can write Oa, = c0804;-4,04; +5i004;— 4,044, 1
KKO accuracy ~ 2 indep targets:light + heavy DKunoYamanaka

= ,UA%EZA now constrains {CAl,La CAl,Ra CAUJ_,L, CAuJ_,R}



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,,)
Solving RGEs for coefficients (arranged in row vector) gives:

— —

C(my) = C(ALrv)G (my, ALFv)

so measured C'pr ~ weighted sum of many C's at Appy.
Or, a single coeff of a weighted sum of operators...

2-6. repeat for other independent constraints.

The “excess operators/flat directions” (experimentally inaccessible) are orthogonal, and therefore

irrelevant.

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

what to do with this basis?



(parenthese: are there too many operators in EFT?

1. operators (more- or—Iess ) correspond to observable mteractlons

PR

“bIob” any Lorentz contraction, coupllng of inverse mass dlmen5|on.



Are there too many operators in EFT?

1. operators (more-or-less) correspond to observable interactions
_ 4l _ _ 212q / — _ GG, _ FF,_
Ypmyeo-Fux+Y. (el'ux)(eley)+ Y “(el'ux)(qlgy)+Y 7 (el'ux)GG+Y "~ (eI'Pxp)F F

“I"" any Lorentz contraction, coupling Y of inverse mass dimension.
2. but few (well-measured) < e interactions; which exptalists focus on measuring...
3. this is perceived as a fact, not a problem

4. ...7 so why is it a problem that there is theory parametrisation for interactions
that exptalists don't observe? 77

5. in EFT, do what exptalists do: define an operator basis corresponding to the
observables... (no physics in a basis choice. But some bases more convenient than others)

...50 with 12 observables, do EFT in 12-d space.

what to do with this basis?



ArduDLavignac
if see u—evy, u—eee, or pA—eA...?7can distinguish models?

...model predictions studied for decades...

EFT recipe to study this: (not scan model space—no measure)

e data is a “12-d"” ellipse/box in coefficient-space (in an ideal theorist's world)
e with RGEs, can take ellipse to Arpv

e are there parts of ellipse that a model cannot fill?
If yes, model can be distinguished/ruled out by p <> e data.

Apply recipe:

1) type Il seewaw

2) (singlet LQ for RY,))
3) ...



Type Il seesaw — add SU(2) triplet scalar T

£5 (Vs loe? - Tly + Mydy He? T H +he.) + ..

get [m,] at tree (NB: 2 mass scales, so unclear notion of Ay py):

v + H
7 [Y]aﬂ)\HMTU2 g TeV
) >T <\ [m,/]aﬂ ~ M% ~ 0.03 eV X [Y]a510_12 Mo

“H




Type Il seesaw — add SU(2) triplet scalar T

£5 (Vs loe? - Tly + Mydy He? T H +he.) + ..

get [m,] at tree (NB: 2 mass scales, so unclear notion of Ay py):

v - H
g Y ap A Mrov? A TeV
i <  Wapdn o™ 03 0y s (]2
V>T \\H [ml/]aﬁ M% . ev X [ ]a510_12 MT

expect ,u—>666 at tree (vanish via Majorana phases ¢;):

Ce,uee [Y]ue[Y*]eev2
LL
H— eee V, M%

and ,u%e%,wél—wA at loop (weaker dependence on unknown model params)
o e e

HA—eA [

u,d u,d



Type |l seesaw: predictions

CDR) CSMIJ@Z7 Cxe/lf]?p Cgf;{e];, CAlightL7 CAhea/UyR
. CDL) C‘c}ugz, C‘e/,uReE’ Cg/iefa CAlz'ghtLa CAheavyR
e seven coefficients for LFV-involving-singlet-leptons are negligeable

(predicted by all m, models where NP interacts with doublets); test by polarising . Kuno Okada

recall 12 (complex) operator coefficients {



Type |l seesaw: predictions

C’DR, Cxe/'LfZ7 Cxe/lf]?p Cg%e;p CAlightL7 CAheavyR
. CDL) C;“éz, C‘e/uRez’ Cg/iefa CAlightLa CAheavyR
e seven coefficients for LFV-involving-singlet-leptons are negligeable

(predicted by all m, models where NP interacts with doublets); test by polarising . Kuno Okada

recall 12 (complex) operator coefficients {

o CT1ST (u—eée) or Cay (1A —eA) can vanish (also any of Cpr for m, >>)

euee

o /7] (u—eee) “naturally” large: predict Cpr/Cai,r for small Cyf77.

type Il Seesaw predictions

(]
c
©

—

107"

prelim!

107 107" 1 10

Co ? CyCe
model lives in green area expt can probe whole plot: tan 6, : 107°% — 10
vert. axis ~ loop/tree ; horiz. axis ~ |Cp|/|C |



A leptoquark (for Rp+)

SU(2) singlet scalar LQ, mass mp, interactions to all flavours of [ and g¢:
(—)\lgzlsqﬁ + A%Eluﬁ)s + h.c.

* generates scalar (+ vector) uA —eA operators at tree
(nA — e A specially sensitive to scalar ops)
* generates LFV operators for singlet leptons as well as doublets

= it can fill all exptally accessible space? Consistent with any <> e observation?
Not quite: not generate (ePg rit)(€Pgr re) (dim8 in SMEFT), detectable to 1 — eée.



Plot the exptal bounds and reach

Restrict to 3-d space of coefficients of u—epvy, u — 3ep, uAl — e Al(= z,x,y).
Model predicts a vector C'/A% v,

? gu—yey

’

}Q&
¥

w

®

g/

(;/«Au. —)eAu.



Plot the allowed parameter space

Restrict to 3-d space of coefficients of u—epvy, u — 3ep, uAl — e Al(= z,x,y).
Model predicts a vector C'/A% .y/; can fix |C| = 1 and constrain Appv (6, ¢):

2
G vicosf
LEFV — F —BR(ueee)<10™ - BR(u—> eee) < 107
[ —CR(uAu— eAu) < 7x10™ ---- CR(uAu— eAu) < 10
<} —BRu—ey<4210™® -~ BR(u-ey) ¢ 10™
10°

>
%—»e y

10%E

10%E

102

‘?Mv/‘u. -)eAu.

see 2204.00564



Plot reach of u—e~,u—eée and uA —eA

(in theoretically self-consistent EFT, including LO loops, cancellations...)

Restrict to 3-d space of coefficients of u — ery, u — 3ep, pAu — e Au(= z,x,y).
Impose |C'|=1 and use spher. coord.:

2
G v° cosf
Vu—ery = A
LFV ; eA-uA u- eee u—>ey| i | Og=n/2 8,=n/d ¢=n/4
Define kp = cotg(0p — 7/2) 0 10°F
E
D S ANE PRI 116 Ay
< T 3 < ANF | PRISM [1e-18] (A)
< =4 - % ..:
% 10°E " RN & Mu2e / COMET-Il [1e-16] (Al)
= E —BR(u—eee)<10™ - BR(u—> eee) < 107 4 :' .
[ —CR(uAu=eAu)<7x10™ - CR(uAu eAu) < 10™ 10 k *\ !
<} =BR-ey)<42x10® - BRu-ey) <10™
¢ /MeX 10°¢
3
/ 10°F
e ﬁ m
N
2
10
o I I N I L N N K
4 2 0 -2 2 0 2 4
z -10* -10° 100 -10° 10 10 10° 10
/«Au-)&Au. ) KD

see 2204.00564



Summary

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 RGEs at leading order, because ensure that almost every
1 — e operator (in chiral basis) with < 4 legs contributes at 2 O(107?) to u—evy
and/or u—eée and/or pA—eA

Can even have interesting sensitivity to products of some (4 — 7) X (7 — e)
interactions!

But many more < e interactions/operators than observables. In EFT, convenient
to restrict to exptally probed subspace of operators/coefficients; this allows to

e plot experimental reach

e explore whether 1<+ e data can test models

Happy Workshop!



BackUp



Pinsard-CPV in H and Z decays

" e+ .
gjgjqﬁ _____ < Heavy decays at colliders (¢, h, Z) sl ATLAS LS

. Its always interesting to measure independent observables!

wrt LFV Higgs decays and u— e7y:
A boson produced in gg or VBF at colliders,
decaying ¢ — pTeT, contributes

to — efy_via same Fliagrams: ~y § v
but with different weights. ¢
(and many other contributions to yu—ev...) S ~ z §¢

So theoretically veery interesting to see ¢ — uTe™ and p—ev:
maybe we could learn something about cancellations?



...but: uncertainties in matching to quarks

suppose measure coefficients of LFV ops with vector and scalar currents of n or p,
from puA— eA on different targets
Then match to quarks:

Cyr 2 1 0 0 Cyv'r
ceno| 112 o0 0 Cy
c¥. | 1o o &% G¥% cets
cin, 0 0 G¥ G¥ Cs'y

e But for scalar ops, G%¢" = Gg’d ~ Gg’d ~ Gg"
so need great precision to differentiate LFV ops with scalar currents of u or d :(

e and...curent determinations of Gis from lattice and pions disagree by 50%

misalignment 8, dipole set to 0




p—eyy



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)) :
LEFV LFV

2

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

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



Climbing the mountain for n — e: EFT

Renormalisation Group Eqns/matching/scheme-dep./...

(conceptually simple, technically involved)



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 u — e. (?not 7 — [7)



need operators+bases for 3 EFTs?

Anp > Te

{Z7W7f}/7g7 h7t7 f}
SU3) x SU(2) x U(1)

myy ~ Mp ~ My

{79, f}
QCD x QED

2 GeV~ m,., myp, M,

NB: Fel ~ 20

{n,p,m, v, e, pu} QED + xPT

data (u—evy, u—eée, uA—eA)




operators + RGEs:cverything to which data could be sensitive

operator basis: below myy, all gauge invariant operators with < 4 legs~ 100 ops.
add to Lgas as 0L = 2v2G pCyT] (eyp)(eve) + ...
(not dim6: bottom-up perspective/ operator dim. not preserved in matching)

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

ex: (e )GagGo‘ﬂ is dim7 < my, dim8 in SMEFT. But
e dim6 heavy quark scalar ops (eu)(QQ) match to (eu)GG at mg (coef.Coq/(moAipy)):

ﬁ e

e gluons contribute most of the mass of the nucleon ShifmanVainshteinZahkarov
(NImNNN|N) =% ¢ (a5 (NmagalN)  — g2Bo(N|GG|N)

= dim7 (eu)GG contributes significantly to uA —eA via scalar y — e interactions

with nucleons V. CiriglianoKitanoOkadaTuscon



operators + RGEs:cverything to which data could be sensitive

operator basis: below myy, all gauge invariant operators with < 4 legsa~ 100 ops.
add to Lgas as 0L = 2v2G pCYT] (eyp) (eve) + ...
(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)

why not just 1-loop RGEs?

e expand in loops, hierarchical Yukawas, 1/A%FV,... largest effect maybe not 1-loop
(ex: Barr-Zee)

e sometimes 1-loop vanishes...eg: 2-loop Aa,|gw =~ 1-loop Aa,|Ew.
or 2-loop log-enhanced
= mixing vector ops to dipole in 2-loop RGEs.



What can one learn

In bottom-up EFT7



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% n+ VACy  + SuCspr+ DaCol” + |L < R|”
BRsp ~ |CY +2CH)
SI bds on Au, Ti, (+ SD on 7Ti, Au?) = 4 4+ 2 more constraints
future: improved theory, 3S514+2SD targets => 644 constraints

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



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.

what to do with this basis?



Wanted to use EFT to take exptal info to models... so:

1. (match to models, and explore what we can learn)
(not need to run RGEs at each point in model space)
are some regions of 6-d space inaccessible to some models?

2. make plots of the excluded region in 6-d space ?
< illustrate the reach and complementarity of experiments



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

€

2 G = s 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 mw Qe mr -
/D,X(mﬂ): CD7x(mw) <1 — 164 In ) <CngX_ 8m CT XX —|— CQloop) In

TT my, 4de "

2

o mqr -7 2 Mw

116 = C In
2e(4m)? <mu S7XX>

my,

Q 2m m my 7
a e C ceC S SS bb

— 8\ frp CT,XX - _CT,XX - _CT,XX In —
my, 4drre my, my, my, 2

d ~qq q ~qq o Mmw
ot (S mmone s S mon ) ot

d,s,b

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



operator list:Kuno-Okada, +CiriglianoKitanoOTuzon
Operator basis M — mw =~ 90 OperatoﬁowmanChenngMatls

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

m, (0P Py 11) Fop dim 5

(ev*Pyp)(evabPye)  (ey"Pyp)(eyaPxe)
(EPy,u)(EPye) dim 6
@ Pyp)(vaPxp) (@ Pyp)(@vePxp)
(€ yu)(uPyu)

@& Prp)(fraPyf) @ Prp)(fraPxf)

(é )(?ny) (EPY:LL)(?PXJE) f S {U, da S, C, b7 T}
(€0 Pyp)(foPy f)
1 1 -
~ (eP N af = (eP N af '
mt(e v 1) GapG mt(e v 1) G oG dim 7
1 1 -
—(épyﬂ)FaﬁFaB —(épYM)FaﬁFaﬁ ...2zz...but ~ 90 coeffs!
i i

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



operators at exptal scale Kuno Okada

There are dipoles of 2 chiralities
D eo P PLiF g €0’ PruF,z
which also contribute in u— ey, u— eee.

Six 4-fermions for p—eee, Y, X € {L,R},)Y # X

|4 (e Pyu)(@valye) (e Pyu)(@vaPxe)
S (ePyp)(ePye)

For uA — eA, interactions with nucleons N € {n,p} parametrised by :

S,V ePxuNN ey Px uN~vy,N X e{L,R}
A, T ey Px uNvo 5N éao‘ﬁPX,uNJQBN
N _ =
P, Der ePxuN~ysN ev*Px (Nt Oy v5N)

I\/Iatching in XPT giVGS Derivative. But absorb in matching Chiral basis for the Iepton current (relativistic 6)1

into Gg’q: quark matrix elements in nucleons. but not for the non-rel. nucleons.



Quantifying which targets give independent information (on

nucleons)

. neglect Dipole (better sensitivity of p— ey (MEGII) and p— eee(Mu3e).
remain to determine: C = (C‘p/pR,CgZz, VR,C )

. recall that )

BRgi(Ap — Ae) x ‘5 - Ua
where target vector for nucleus A
o= (VAP s9 v, s5)

. So first experimental search (eg on Aluminium) probes projection of C of Tay
. next target needs to have component L to Aluminium!
& plot misalignment angle 6 between target vectors

. how big does 6 need to be?
nuclear ~ 5%(KKO)

NLO xPT ~ 10%(?)
Both vectors uncertain by Af; need misaligned by 2A60 ~ 10 — 20%

overlap integrals have theory uncertainty: AH{



Current data+ theory uncertainty ~ 10%: want A6 > 0.2
BR(pAu — eAu) <7 x 1071 (Au:Z=179)

BR(uTi — eTi) < 4.3 x 10712 (Ti: Z = 22)

0.3

0.25

0.2

0.15

0.1

0.05

O—lIII|IIII|IIII|IIII|IIII|IIII|II

z

4=V, 8W v SE), and BR o |4 - O
Uay - Uz = |Uaqyl||Uz] cos B ...plot 6 on vertical axis



In the future...with a 5% theory uncertainty:

First target of Mu2e, COMET: Aluminium (Z=13, A=27)
bar~2(1,1,1,1) (recall CPP, C¥P, Emn | Cn)

basis of three other “direction<”-

1 ]

bp = H(-L-L1L1)

A 1 0.255—
Vys = 5(1,—1,1,—1) 0-25

A 1 0.15g
VisoSV = 5(_171717_1) 0'15

probe 3 combinations of S| coeffs



All current data...
BR(pAu — eAu) <7 x 1071 (Au:Z=79)

BR(uTi — eTi) < 4.3 x 10712 (Ti: Z = 22)
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0.25
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0.15
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0.05

|

20 40 60 80
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z

BR(uPb — ePb) < 4.6 x 10~ 1!
BR(uS — eS) <7 x 1071 s = sulpher, z = 16
BR(MCU — EZCU) < 16X 1078 cu= Copper, Z = 29



sensitivity vs constraint

Suppose that BR(uAl — eAl) $ 10714, and :
OL(my ) = Cl(eo Py p)(aou) + C&* (ePy ) (uu)

uu
S,L

107 C

0.05

o

a_lII|IIII|IIII|IIII|IIII|III

-0.05

S
.—L

-1 0.5 0 0.5 1 ; 15
uu
107

e Ot constrained to live inside blue (red) ellipse at exptal scale (at my):
sensitivity to C'g* = cut ellipse @ C'}:* = 0; constraint = live in projection of ellipse
onto Cg" axis.



