theory thoughts on 1 — e at one event in 10%
Sacha Davidson IN2P3/CNRS, France
why LFV?

. intro { why p<>e?
is 10729 special?

. are u—evy, p—eee, uA— eA sufficient for discovery?

. if we see some pattern of u—evy, u— eee, uA—eA—what can we learn?

e complementarity + reach of of three processes
e reject models?
e anything about 77

. some theory about yA —eA



Why n— e LFV? (we are sure <> e is interesting—why?)

e expt {DM,Baryon Asym., DM, [m,]} and theory problems {hierarchy, CP, flavour}
say NP is somewhere... ...and we like discovering :)
in particular, [m,| = LFV is an NP signature that exists !

e most reassuring way to discover New Particles is to produce at colliders...but
LFV (probably) crucial to identify NP flavour structure
by analogy with SM, where CKM+CP from quark flavour physics + masses at colliders

e independent info on LFV from colliders (h — e*uT,..), (quark flavour-changing) meson
decays (K — éu,..) and lepton decays (u — e, ..., 7 — up...)

exptal reach in low-E 1 — e makes it promising for discovery! @“

(models may predicts bigger rates for 7 <> [... 'cuze exptal u <> e bds are stronger :) )

more channels in 7<> [ for distinguishing models



theoretical milestones —is 1<+ ¢e at 102" “special”?

theoretical guesstimates for lower bd on BRs:

1. calculate loops with EW bosons and m,, (SM for Dirac m,, in EFT for Majorana):
2107 > <

ugh....but m,, LFV different dependance on NP scale Ayxp(and cplgs A\7?):
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2. input other relation for A and Ayp : Am%{| ~ Alé\NP < v?
P 7'('
R
LFV ~ |16

still too small... but used same coupling A for LNV and LFV...
3. many models separate LFV from LNV (SUSY seesaw, type Il and inverse seesaws,
NP for flavour anomalies...) and predict BR py < expt



which processes: 1 — ¢, AFg =0 + heavy NP

process current bd on BR future sensitivity dreams

L —> ey < 4.2 x 10713 (mec) 6 x 10~ (vEecn) 10— (14=20)
L — eée < 1.0 x 10~ *2(sinpbrRUM) 10716 (202, Mu3e) 1029
pAu — eAu | <7 x 10713, (sinorumi 10—20

pTi — eTi | <6.1x 1071 (sinorumiy | 10~16=7) (Muze comeT) | 10~ (1820)
?(uli — eli)
(e — eyy) < 7.2 x 107 (crystalBox) ? 77

NP heavy = no u — ea, neglect t — ey~ (dim8,ud — eA + sensitive), neglect SD tA —eA <K Sl

: (2007.09612)
e /. — e, processes described at exptal scale by 6 operators:

1
5L = AT[CD(mMEJO‘BPRM)Fag—I—CS(EPR,LL)(EPRG)—i—CVR(éfyO‘PL,u)(éfyaPRe)
NP

+ CVL(E/YQPLM) (EVQPLe) + CAlz'ghtOAlight + CAhecwa_OAhecwa_]
{C} are O(1) dimless numbers that can be exptally measured

O A1ight =combo of 4fermion operators probed by light targets (Al Ti)
O Aheavy L= indep. combo of 4fermion ops probed by heavy targets (Au)



Are y— ey, n—eee, utA— eA sufficient for discovery?

3 processes, probe a few ops— if AFp=0, i — e occurs, will it contribute to

w—evy, u—eee or pA—eA?

Probably yes: SM loops ensure
almost every AQF =0, u — ¢
interaction with < 4 legs,
contributes 2 O(107?) to amplitudes
pu—ey , p—eée and/or uA—eA
(not enGG, euFF, eyuFOF..)

(but reach in Ayp reduced by

factor O(30), for operators
contributing via loops)

2010.00317
coefficient n— ey u— eée UHA — e A
Cp. x| 112x 107° | 430 x 10~ 1 2.35 x 10"
C{fx x| | 110x 107 | 7.80 10~7 1.86 x 10~°
C5fxy | | 2:55 % 1074 | 934 x 1077 3.77 x 1070
C&x x| | 173 x 1074 | 2.8 x1076 (3.64 x 107 9)
|CVXX| 1.10 x 10~% | 5.60 x 107° 1.85 x 1070
|C“jXY| 2.56 x 1074 | 1.12x 1074 3.77 x 1070
O x| | 824 % 1077 | (1.58x107?) | (1.73 x 1079)
CT7x x| | 3:80x 1074 | 195 x1074 1.24 x 107°
CT xy | | 440 x 1074 | 1.91x1074 1.25 x 107°
CETx x| | 5:33x1070 | 1.02x 10~4 1.12 x 10~4
CSxy! | — — —
CHx x| | 110 x 1078 | 420x1077) | (2.30 x 1077

sensitivities/1-at-a-time bds for 6L
it is consistent with data.

coefficients,
arrange a cancellation...

2v2GrC;0;; if model gives smaller

If it generates larger coefficients, need to



what can we learn if see yu—evy, u—ece, or yA—eA?

EFT gives recipe to address this question.
(we want to find the model, so can’t study this question in a model...)

e to do EFT, need:
1) an operator basis: all the operators that expt can be sensitive to

2) a recipe to change scale (D include loops): 1-loop RGEs(+some 2loop bits)

e focus on 1); want basis appropriate for our question... (no physics in basis choice)
“Usual” basis theory-motivated (gauge invar., remove derivatives, ...),
below myy contains ~ 100 u — e, Agr=0 operators with < 4 legs
uw—ery, p—eree, and uA — ey A sensitive to only siz operators at exptal scale

= stay in 6-d exptally-motivated subspace, its what expt can probe!

concretely: define, eg Upr(m,, Axp) in coeff space, such that
BR(u—ery) = 384m°|C(Anp) - Upr(mu, Anp)[*

where coefficients predicted by models at Axp are lined up in C.

e Can now : 2) match to models and explore if observations can reject models!
1) check that processes give complementary info about NP:k-plots



Are the observables complementary? make a plot!

Restrict to 3-d space of coefficients of U, e, ~, Uy—3e;, Upai—e, Al(= 2,2,7).
Model predicts a vector C'/A%p; can fix |C| =1 and constrain Axp (6, ¢):

2
G vicosf
. = A - /4
Vp—ery A2 2 10°F i
NP — F —BR(ueee)<10™ - BR(u—> eee) < 107
[ —CR(uAu— eAu) < 7x10™ ---- CR(uAu— eAu) < 10
<} —BRu—ey<42x10™® -~ BR(u- ey) ¢ 10™

>
%—»e y

10%E

10%E

102

‘?Mv/‘u. -)eAu.

see 2204.00564



Plot complementarity+reach of y—e~v, u—eee and pyA —eA

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

Restrict to 3-d space of coefficients of U, _,c, ~, Uy—s3e; VpAdu—e, Au(= 2, T, Y).
Impose |C'|=1 and use spher. coord.:

2
G v* cosf
Vu—ery = A2
; eA-UA u—eee u—>ey| | Og=n/2 8,=n/d ¢=n/4
Define kp = cotg(0p — 7/2) O 10k
D S ANE PRI 116 Ay
< T 3 AN PRISM [1e-18] (A)
R =4 - % ..:
% 10°E " ‘2;: _____ & Mu2e / COMET-Il [1e-16] (Al)
= E —BR(u—eee)<10™ - BR(u—> eee) < 107 4 A, :' .
[ —CR(uAu=eAu)<7x10™ - CR(uAu eAu) < 10™ 10 k R !
<} =BRu-ey)<42x10® - BRu-ey) <10™
¢ /MeX 10°¢
3
/ 10°F
e ﬁ m
N
2
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o [ YT 25 T Y K
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z -10* -10° -10°0 -10° 10 10° 10° 10
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see 2204.00564



match to models, and explore what we can learn

Ex: Type |l seesaw = add triplet scalar T', [m,]  [Y]Ax
£5 ([V)aploe? Tls + MyAy He? - T*H + he) + ..
Do the model predictions fill the whole experimentally accessible region?

Ly Type-ll seesaw (NO) Ly Type-ll seesaw (NO)
Model, m; =0.04 eV
Experimentally Allowed
1.0 1 1.0 1
0.8 0.8 A
> >
Q (]
L L
g 0.6 g 0.6
o< <
041 0.4
0.2 A 0.2 A
Model, m; =0
Experimentally Allowed
0.0 0.0

0.0 0.2 04 06 0.8 1.0 1.2 0.0 0.2 04 0.6 0.8 1.0 1.2
euee euee
|CV L 1/Buss3e |CVF L 1/Buss3e

vertical axis ~ Cpr(m,) <> p—> ev, horizontal axis Cyr(m,) <> u— eée.
Normalised to current bd.

LEFT: m; =0

RIGHT: my < 0.4 eV; (4l coeff oc mass scale, can vanish like m..)

(NB 2¢2l < a/4m, so uA — e A mediated by dipole)

veery

prelim



can (<> ¢ tell us anything about 7+>[7?

(resurrect dim8: [ — 7| X [T = €] = [u — €]) ArduDGorbahn

recall exptal reach: BR(y — e) — 10187200 L [BR(7 — 1) — 1079]?

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

2. calculate something model-independent: In SMEFT, (dim6)? — dim§,
eg L-peqau X (Levlr)(@vgs) — LesquH ' H
A ®cam - {u?6°} 055" Crlbau t

Ao 16m2 A2, AZp >©<
/’L (&

i i : : T
so effective low-energy 4-fermion interaction 2v/2GrCg
4
A (6)Ce,uuu - v CeTutCT,utu 0%31\ OITe2u31u
S 1672 A% p . \

\
N
\&\\&\\&\

3. eg pA— eA sensitivity, (BR<7 %1071 < 10716)
complementary to B~ — {e, u}v decays
for some operators:

;//////// ////

‘\\\‘\\\‘\\\‘\\\)
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calculating a more accurate A —cA rate

Spin Indep Conversion Ratio on target A, from Kitano, Koike, Okada (2002):

32G4m

, I
3 UC a4 CEL I+ CUR Iy + OGRS+ Co 122 +{L & R} |
cap

I¥ . = overlap of lepton wavefns and S/V density of Ns in target A

improvements in progress (todo list):

CiriglianoDKuno, DKunoSaporta

e include Spin Dependent (real nuclear phys caln) HoferchtorMenendesNoal
orericnterivienendeziNoe

e better neutron densities

® MOore targets HeeckSzafronUesaka
® more operators DKunoUesakaYamanaka
e NLO XPT CiriglianoEtal 2203.09547

...lots (yet) to do!



Summary

1 — ey, it — eée and puAd — eA have excellent sensitivity (Axp 2 10%0 upcoming,
Axp 2 10° — 10% AMF), to a few operators at low energy

Loop effects described by (leading order) RGEs ensure that almost every u — e
operator (chiral basis) with < 4 legs (in broken EW), contributes to amplitudes for

p—ey, pw—eee and/or pA—eA, suppressed by = O(1073). Can even have
interesting sensitivity to products of some (u — 7) X (7 — e) interactions!

Prospects for distinguishing between models using @ — e observations can

conveniently be explored in EFT, using operator basis motivated by observables
rather than theory.

Some theoretical progress in the caln of uA—eA would be welcome.



Backup



What are OAl'ighta OAhea'vyJ_?

Outight.x ~ 0.7(€Pxp) [(m)+(dd)+...} +0.13(ey* Px 1) [(mau)ﬂay@d)}

OaheavyrL x = (ey*Pxpu) {0.56@%/&) + O.S(E%éd)} + ...

obtained by matching nucleons to quarks, then writing

OAheavy,X — OAlight,X + e(QAhecwa_,X
where € calculable misalignement ~ 5%.

problem: scalar density of u quarks in N € {n,p} ~ scalar density of d quarks =
with current theory uncertainties in uA— eA, measuring C% and C¢ only allows to
determine C% + CZ (but not C% — C%).



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



(L <+ R not identical in SMEFT, but not worry)
take observable-motivated basis to Ayp?

1. p— ey measures Cp r(m,,)

solving RGEs gives C(m, )= C(mw)G(m,, mw), = define ¥, ~(m,, A)such
that:

Cor(my) = C(A) - Uyey (my, A)

Qe m
Cpx(m,) = Cpx(mw) (1 — 16— 1In —W>

A my,

Qe

my

2
Q o Mw [ My
16—————1 C
" 2e(4m)? ' my, (mu SXX>

Qe myy
—8\T 1
dme " 2 GeV (

My ~bb
C ) f
T.XX — T.xx | JTD
my, my my

2

Qe o Mw Mg Mg
16 4 C —C¥
i 3e(4m)? S Gev Z sxx T C%:b 5, XX

all coeffs on right side C'(myy) (basis vectors rotate and change length with scale)
A= ags(mwy)/as(2GeV) ~ 0.44, frg >~ 1.45, ag = 12/23,ar = —4/23.



...but there are many defns of Ayxp

the dipole operator allows on-shell fermion to emit on-shell ~
induces 1 — ey, edms (and g — 2)

—@ M
5£u—>€’y — ATNP (CD,L@O-O(B,UL + CD,R@OO[BMR) Faﬁ

normalisation: dipole is dim5b at low E, dim6 in SMEFT... what mass upstairs? M: {m,, m.} — v?
If NP not chirality-flip, need SM Yukawa (other than external leg might cost loop(s))
Put M = p,, for p—evy, M = m, for de:

’U4|CDR‘2 ’U4‘CDL|2
A4 A4

v? 0?

A2 AQ)

BR(p— evy) =3847%(

) <5.7x 107" = Ay 2 /Cpx10*

de=2V2G pme( < 4.2x107*%ecm = AS¢p 2 /Z{Cpx}3 x 10%

Whereas if you put M = v, Ayp

> ANP‘
pvery

e



Counting constraints in space of ~100 operators

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
BR = % + 2|Cv.rr + 4eCp 1|

me
+ |Cv.rr + 4eCD7L|2 +{L < R} => 6 more constraints

HA — e A (S Vi N—integral over nucleus A of N distribution x lepton wavefns, different for diff. A)
BRsr ~ Z" ’VXCV,L + SZCS,R + VA CV,L + SACS,R + DACD,R‘ | 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?



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?



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)



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

I\/Iatching in XPT gives 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.



