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To Learn about (. —e) Lepton Flavour Change 7

V Cirigliano, Sacha Davidson , M Gorbahn, Y Kuno, A Saporta, M Yamanaka, +...

1. Lepton Flavour Violation

e what is it, why interesting + what do we know 7
(exptal reach in p < e to improve by ~ 10% in a few years)

2. From an EFT perspective, what can we learn?

e at the experimental scale (distinguishing operator coefficients)?
e at the New Physics scale? (... RGEs)

‘ data \

3. Lots to do ...




(...what is not in this talk: an alternate perspective on LFV)

we know there is “New” (= not Standard Model) Physics in the lepton sector,
because neutrinos have tiny masses and large mixing angles

= build beautiful, elegant, natural models that generate the observed neutrino
masses, and calculate the Lepton Flavour Violation they predict!

= compare model predictions to data + select the correct model

But: been done for decades + | don't know a good model from a bad one...
=> no models in this talk.

NB: same question what is the “New Physics” in the lepton sector?, different
approach to finding solution.



What is Lepton Flavour Violation?

e in the Standard Model, there are various species and types of particles:

strongly interacting

charged, e, i, 7 identical except for masses

leptons neutral = neutrinos, 3vs  shy!(cross planet without talking)

heavy

e three lepton flavours in the Standard Model : e, i, 7
(flavour = mass eigenstate)

e LFV = charged lepton flavour change, at a point.

v are shy, and quantum over thousands of km
e

1 7 v e
> "'/
source detector
= v oscillations don't count.




Some LFV processes and bounds

some processes | current constraints on BR future sensitivities

[ — ey <4.2x10713 6 x 10714 (MEG)

[ — eée < 1.0 x 10~ 2(SINDRUM) 10~16 (2018, Mu3e)
pA — eA < 7x1071 Au, (SINDRUM) | 10716 (Mu2e,COMET)

10~18 (PRISM/PRIME)

Kt —rtie | <1.3x107 (E865) 10~12 (NA62)

BR = Branching Ratio: (rate for process)/(total decay rate)

wA — eA = p in 1s state of nucleus A converts to e



What does BR < 10712 mean? Is it restrictive?

LFV Branching Ratios normalised to weak muon decay, 7, ~ 2 x 107 sec

_ F(M — 656) B G%mg’ m?  Mmp = .105 GeV
BR(u — = Dy — — g p v =174 GeV
(= eee) =m0 =) (=€) = 19573 = 15367308
m 10712 = Ay py ~ 1030 =~ 200 TeV
: S5\ ~ H < LFV v = S
.50 if T'(pp — eée) ~ 15367501 then BR S { 10716 = A, pyr ~ 10% ~ 2000 TeV

NB: Arry = (1672)" M v /couplings; not the mass scale of new particles M,y



What does BR < 10712 mean? Is it restrictive?

LFV Branching Ratios normalised to weak muon decay, 7, ~ 2 x 107 sec

_ F(M — 666) B G%m5 m?  Mmp = .105 GeV
BR(u — = Dy — — g p v =174 GeV
(= eee) = 0 o) (=€) = 19573 = 15367308
m 10712 = Ay py ~ 1030 =~ 200 TeV
: S5\ ~ H < LFV v = S
.50 if T'(pp — eée) ~ F36-3 A1 then BR S 10716 = A s ~ 1050 ~ 2000 TeV
LFV

NB: Arry = (1672)" M v /couplings; not the mass scale of new particles M,y

Compare to % = a ~ Qe /7 (electromagnetic amplitude):

torque 7 = i X B; ﬁ:gﬁg



What does BR < 10712 mean? Is it restrictive?

LFV Branching Ratios normalised to weak muon decay, 7, ~ 2 x 107 sec

_ F(M — 666) B G%mf’ m?  Mmp = .105 GeV
BR(u — = Dy — — g p v =174 GeV
(= eee) = 0 o) (=€) = 19573 = 15367308
m 10712 = Ay py ~ 1030 =~ 200 TeV
: S5\ ~ H < LFV v = S
.50 if T'(pp — eée) ~ T5363AT 0 then BR S { 1016 = A, gy ~ 1030 ~ 2000 TeV

NB: Arry = (1672)" M v /couplings; not the mass scale of new particles M,y

(9—2)u —
I
torque ¥ = i X B; i = gﬁg

Compare to a >~ Qep, /T (electromagnetic amplitude):

Aa a’M _ qetP ~ 3 % 107

2
my,

167r2A%VP

— ANP ~ MMt.



SOme€ pProcCesses

More LFV processes and bounds

current constraints on BR

future sensitivities

p— ey
n — eee
A — eA

K—g%,ué
KT — ntje

T — Ly
T — 3/
T — e

h — 1FeT
Z — et

<4.2x10713
< 1.0 x 10~ *2(SINDRUM)
< 7x 10713 Au, (SINDRUM)

< 4.7 x 10712 (BNL)
< 1.3 x 107t (E865)

<3.3,44 %108
<15-27x%x10"8
<3.1x10°8

< 6.9x1073
<7.5x10°7

6 x 10~ 14 (MEG)
10716 (2018, Mu3e)
10~16 (Mu2e, COMET)
10~1% (PRISM/PRIME)

10712 (NA62)

fewx 107 (Belle-11)
fewx 10~ (Belle-Il, LHCb?)
fewx 1079 (Belle-Il)




LFV in EFT

1. Lepton Flavour Change is interesting:
e none in the Standard Model with m, = 0
e occurs with m,, and mixing matrix U



LFV in EFT

1. Lepton Flavour Change is interesting:
e none in the Standard Model with m, = 0
e occurs with m,, and mixing matrix U
m, renormalisable Dirac: LFV amplitudes GIM-suppressed (like quarks)

2

Ax —% = BRS 1074
My
= if see LFV, lepton flavour sector different from quarks! zﬁ

suppose m, NOT Dirac, New Physics heavy

2. use EFT to learn about heavy New Physics for LFV
e parametrize LFV as contact interactions with constant coefficients

e extract coefficients from data
e what do coefficients tell about New Physics?



EFT: data—operator coefficients— ?

1. parametrise LFV processes via contact interactions
(at low E) Write down all LFV 2,3,4-point functions that respect QED and QCD:

M e 9
ZCZo( V/Q\V+ M/é\: f>j<f+ T%tg +h.c.)

D¢ = sum over flavours of external legs
> .o = sum over Lorentz structure of operators = {m,,, S, P, A, V, T} xchirality .

suppose constant {Cé} (no form factors) < New Particles are heavy

¢
5£=ZZ%OC—I—h.C. (v=174 GeV, ex: O ~éc - Fp)
¢ O

= theoretical parametrisation of the data= express LFV rates in terms of {Cé}.



EFT: data—operator coefficients— ?

1. parametrise LFV processes via contact interactions
(at low £) Write down all LFV 2,3,4-point functlons that respect QED and QCD:

e Yo ( /O\+ /5\ >< ‘%‘# +he.)

D¢ = sum over flavours of external Iegs
o = sum over Lorentz structure of operators = {m,, S, P, A, V, T} xchirality .

suppose constant {C’é} (no form factors) < New Particles are heavy

5L = ZZ 00<+h c. (v=174GeV)
= theoretical parametrlsatlon of the data= express LFV rates in terms of {C(g}.

2. extract coefficients from data.
= how many operator coefficients can be constrained?

3. Then ask questions... what can | learn about Lggs from the coefficients?
use SM RGEs to translate constraints from exptal scale to NP scale

lets try to do this with © — ey, u — eee and pu— e conversion...



An operator basis for u©— e conversion, u — eée, yu — ey

At Acypt, 1 interaction with nucleon N € {n,p} parametrised by 20 4-f operators :

S,V ePxuNN  ey*PxpuNvy N X e{L,R}
AT ey PxpuNvays N EO‘QBPXILLNO'(XﬁN

- I o
P, Der ePxuN~vsN  ey*Pxu(Ni 0y v5N)
Matching in xPT gives Derivati | ing into G1Y 9= | | d 2 dipol
g in xPT gives Derivative. But absorb in matching into G ’*= quark matrix elements in nucleons. an IPOIES
D e0“P PxiF,g

which also contribute in y — ey, u — eee. For u — eee

|4 (ev*Pyup)(evabye) (v Pyp)(eyaPxe)
S (EPYIIL) (EPye) chiral basis for the lepton current (relativistic e),
3dd to £ as - but not for the non-rel. nucleons.

2V2G i >0 (mMCN'OOO)



Constraining the operator-zoo with 3 processes: 11 — ev

Two dipole operators contribute to p — ev:

4G
4{ 5£meg - _TQFmM (CD,RN—RUQBGLFQB + CD,LN—LUQBGRFQB)
BR(u—ey) = 384n°(|Cpgl* +|Cpr)?) < 5.7 x 10712
= |C)[()| <1078 MEG expt, PSI

How big does one expect Cp x to be? Suppose operator coefficient

n=1 n =2

ecm; ~ (166?)“ e = probes A <100 TeV 10 TeV
v )"

= 1 — e expts probe multi-loop effects in NP theories with Axp > reach of LHC



Constraining the operator-zoo with 3 processes: i — eéee

R A AT ran

(ePrp)( ePLe) (ePrp)( ePRe) (eyPru)( e'yPLe) (evPru)( e’yPRe) (e’YPLM)(e’YPR@)

— . 2 2
In & — e€e, interference between operators me/mu

Cs.or)* +|Cs.rr|?

BR(p — eee) = ’ T +2|Cv.rrl* + 2|Cv,LL|?
B BR
+|Cv,Lrl” + |Cv,rL|? = |Cx|5107° 10-12
(set dipole contributions — 0)
see nothing = all C's small recall 2/2GrCx = 1/A? = A 2 2000TeV

see something = distinguish operator via angular distributions?



[ — e conversion

\%

\%

~ Al

M beam
target

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

e 1~ captured by Al nucleus, tumbles down to 1s. ¢+~ za/mu Z r4)
e in SM: muon capture p+p > v +n
e bound pu interacts with nucleus, converts to e (e ~ my)

p n
A@ép u*@f\ A@éﬂ I'={I,v, v v"ys,0}
H H r={S,P,V,A, T
(& e e

~ WIMP scattering on nuclei
1) “Spin Independent” rate o< A? (amplitude o 3 o A)
2) “Spin Dependent” rate ~ FS[/A2 (sum over nucleons o spin of only unpaired nucleon)



CiriglianoKitanoOkadaTuzon
Constraints on the nucleon operators from p— e conversigi,ikunosaports

~ ~ 2 ~ ~ 2
BRsp(Ap — Ae) ~ |CXY +208R[ +|CXY +208F| (W odd)

BRsr(Ap — Ae) o |CRV +C8 s 4 O v 4 Cans Y +Cp 1 DI> + {L ¢ R}

- 2 - 2
~ 7° Cr- 04 —|—Z2 Cr-0a

?7:4 = (Vf(‘p), Sg?), ngn), 51(4”), DA>

Can distinguish SD vs SlI, L vs R. But if observe Sl conversion, how to know if is
due to scalar/vector operator on n or p?

KitanoKoikeOkada

5P ) / B\ fo(2) 23 ({1, 70} )



CiriglianpoKitanoOkadaTuzon
Constraints on the nucleon operators from p— e conversion

DavidsonKunoSaporta

~ ~ ~ ~ 2
BRep(Ap — Ae) ~ |CYY +2CNY +‘Cﬁ%+20§\ff‘ (N odd)

BRsi(Ap — Ae) o [CPPRV P +02 W 4 Oy viW 40338 +Cp . D + {L ¢+ R}

- 2 . 2

Can distinguish SD vs Sl, L vs R. But if observe Sl conversion, how to know if is
due to scalar/vector operator on n or p?

—~ —~ KitanoKoikeOkada
SOV ~ [ a i @ PO (10l
different “target vectors” v, for different nuclear targets
target vectors “live” in coefficient space, like C' = (G, C, Cpr, O, (D))
1.1st exptal search (eg Gold) probes C' || T4.,
2.next target, suff large component L Gold

= three (sitable) Nnuclear targets (+improve theory caln) could probe 3 combinations of

~PD PP ~
{Cy, Cg", Oy, O™}



What to learn at A.,,: setting constraints from yA — eA,;n — ey + 1 — eee

parametrise with 20 nucleon ops (8 SI: S,V) + (12 SD: P,A,T)
+2 dipole operators
+6 four-lepton operators

1. constrain 2 dipoles +6 4/ coeffs with 4 — ey + u — eee

2. Sl now: constrain 4 combinations of 8 {S, V'} coefficients

SI future: constrain 6 combinations of 8 {.S, V'} coefficients

3. Spin-Dependent, now: (?) 2 counstraints? (Ti?)
future: 4 — 8 constraints ?

n vs p by comparing odd-p, A vs T' vs P <> dedicated nucl.caln.)

now 12— 14

= 28 coefﬁaents,{ future 18 —s 22

} constraints



Georgi, EFT, ARNPP 43(93) 209

How to learn about heavy New Physics

Anp > TeV

mw ~ Tp e

GeV ~ m./my, m-

data & Eeff




Peeling off the SM loop corrections

expt measures operator coefficient C'(jtesp), at exptal energy scale ~ m,, — m.,
among external legs at same scale...




Peeling off SM loops

But if | look on shorter distance scale (~ 1/myy) | might see



How to learn about heavy New Physics

Georgi, EFT, ARNPP 43(93) 209

Anp > TeV

{Z7 W’ h? t? —|_/Y7 g? {f}}

{77 67 /‘L7 7_797 u? d? C7 87 b}

P empon(n)

data & ,Ceff

mywy ~ Mp my

GeV ~ my, my, m-



The operator basis below my : 82 operators

Add QCDxQED-invar operators, representing all 3,4 point interactions of 1 with e
and flavour-diagonal combination of v, g,u,d,s,c,b. Y € L, R.

mM(EJO‘BPy,u)Fag dim 5
(V" Pyp)(€vaPye) (ev" Pyp)(evaPxe)
(ePyu)(ePye) dim 6
(&Y™ Py ) (Fya Px ) (ev" Py ) (ya Px )
(€Py p)(Py p)
@Y Pri)(fraPrf) (@ Pru)(fyaPxf)
(EPY/’L)(TPYJC) (EPY/'L)(TPXJC) f € {’LL, d) S, C, b) T}
(eo Pyp)(fo Py f)
i(apw)aaﬁeaﬁ i(apyu)c;aﬁéaﬁ dim 7
my my
1 1 ~
— (€Pyp)FopF*  —(ePyp)FasF” ...zzz...but 82 coeffs!
e e (recall: 12-22 constraints...
...what to do?

(Px, Py = (1 & ~;)/2), all operators with coeff —2v/2GFrC.



€ Run with QED 4 QCD between m, and my, €
f1 f1
f J2 f: f2

(& (& (&
f [ %ﬁ ><f2 ><f2 f fo f fo

C = 2sds 4 Lemar
“{m 47 47

QCD: not mix ops, should resum = multiplicative renorm S, T ops
QED: does mix ops, but oy, <



But QED loops are O(a/47)... surely negligeable?

Work top-down = suppose a model that gives only tensor operator at myy:

2v2G r Cr(uou)(eo Py )
1: forget RGEs Match to nucleons N € {n,p} as GZ,ZYN = (N|uou|N)CH* < %C’%“

~ ~ 1 2 nuclear matrix elements:
= BR~ BRsp ® 2|CT| EngelRTO, KlosMGS



But QED loops are O(a/47)... surely negligeable?

Work top-down = suppose a model that gives only tensor operator at myy:
2v2G r Cr(uou)(eo Py )
1: forget RGEs Match to nucleons N € {n,p} as CNN = (Nl|aou|N)Cuv < 304

~ ~ 1 2 nuclear matrix elements:
= BR~ BRsp ® 2|CT| EngelRTO, KlosMGS

2: include RGEs

U e q e
CH*(uou)(eo Py 1) +o. = 647¢log % O (uu)(ePy )
u p q po ACE (M) ~ 2O (mw)

Then match to nucleons: CYN = (N|au|N)ACE* ~ C4¥ so CPP 2 CP?,
BR ~ BRg; ~ Z*|2C¥*"|* ~ 8Z°BRsp

= loop effects mix tensor to scalar.. change BR(uA — eA) by O(10%)



“peeling off SM loops” causes more coefficients to contribute

At tree level/at 2 GeV, 14 quark coefficients (+dipoles and di-giions) contribute to Sl
L — e conversion: (|C - o for Al)

BRYY
33

> uu dd uu C(ld ss dmy cc dmy bb
2 |3CUL 4 30T + 11CE, + 1101 +0.84C8, + S Ciin+ 5o Oy

also constraint on coeffs with L <» R (the chirality of ¢)
quark coefficients at 2 GeV (attice matching {G' 9})



at one loop, 44 (2 dipoles+2digiions) Of 82 operators contribute to pt— e conversion

BRE®P o
AL > 3o 4 3Cc™ 4+ Z|30% — 6C"™ | log
33 V,L v.L T AL AL

o
37

za uu cc SS ee TT
T30 [Q(CV,L +CyL) — (CgfiL + Cyp + C?/Z,)L —(Cy + C\l;ML + Cy L ] log

ee « ee
+ [CV,L + CxlﬁuL] log _g[cA,L + CifLL] log

4mN
27Tm.

cc 4mN bb
Cint+ ——Clr)

+AT9S (1103};% +11C%, +0.84C%, +
27mb

4mN
27m.

+A —[3(11(}% +

T

cc D dd ss dmpy

C’g{’R ] log
b

AT fg S 2205 + SN e q1000 o gacss, — SN b | 1og ‘
s ’ 2Tm. 7’ ‘ ’ 2Tmp
also constraint on coeffs with L <+ R (the chirality of e)
quark coefficients at my,
log = log(mw /2GeV) ~ 3.7,
A =as(mwy)/as(2GeV) ~ 0.44, frs ~ 1.45, ag = 12/23, ar = —4/23.

peeling loops off © — ey, 1 — eee < sensitivity to 4-1 tensors+scalars,+vectors
= u — ey, u — eee and u— e conversion sensitive to (almost) all operators



Summary

Lepton Flavour Violation is the transformation of a charged lepton (e, u or 7) into
another, at a point. It is “New Physics” from " Beyond the Standard Model” that
must exist (because of observed neutrino masses and mixing angles).

If observed, it would imply that the lepton flavour sector is different from the quarks,
and give information on the required New Physics.

Sensitivive probes of i <> e flavour change, are © — ey, © — eee and u —
e conversion (= conversion of a i, in the 1s state of a nucleus, into an electron
who escapes with E, ~ m,). Current bounds probe an LFV mass scale A ry < 107
TeV at tree level. New expts will reach to Arpy < 10* TeV in the next few years.

There are 82 three- or four-particle contact interactions, that involves m < myy
particles, change 1 <+ e, and are otherwise flavour diagonal. u© — ey, u — eee and
. — e conversion are sensitive, at tree level or via one-loop diagrams, to (almost)
all these interactions (operators like (5vPy b)(eyPx ) are constrained by meson decays).

However, these processes only set 12-20 constraints on the 82 operator coefficients.
To reconstruct (heavy) New Physics model from operator coefficients, need to
restrict allowed ranges of all operator coefficients...

= find more (restrictive) constraints?

= think about defining “fine-tuning” in EFT?



BackUp



LFV in EFT

1. Lepton Flavour Change is interesting:
e none in the Standard Model with m, =0
e occurs with m, and mixing matrix U —

_ e Ve
1. (recall) flavour = mass eigenstate

2. charged leptons talk to vs at the W vertex

= if m, = 0, the define v, such that

...but when m, # 0, e + W could turn into any v mass eigenstate:

e %/ Vis V24 V3




LFV in EFT

1. Lepton Flavour Change is interesting:
e none in the Standard Model with m, = 0
e occurs with m,, and mixing matrix U
m, renormalisable Dirac: LFV amplitudes GIM-suppressed (like quarks)

2
Ax — = BR5107*
myy
= if see LFV, lepton flavour sector different from quarks!
suppose m, NOT Dirac, New Physics heavy 2 ~‘,)




Does one need the loops, part 3?7 Of the tensor and the dipole...

suppose at ~ myy : 0L D Cs(co®P Prc)(eonsPr) + ...
(eg from doublet leptoquark S with interactions A (Us¢ — ic})S + ArecyS)

?How to observe that operator at tree level??

C e C (&
>< ; W<>T’< 190 log 2 Cem, (6o - F P
c 1

€

ACD,L ~ 1.2C§9mu(€0 ' FPL,LL)

L
recall MEG bound : ¢py $107% atm,

at my : |Cp,p — CF°p + C77p +1.8C%, + O(107°)C| £ 1078

excellent sensitivity of ;1 — ey to mid-weight-fermion tensor operators



To calculate the H—e conversion rate (like WIMP scattering on nuclei)

build the nucleus as a bound state of nucleons, (|fx(z)|?= distribution of N in nucleus A)

bind muon in 1s state. For 4-ferm operators :
Sl overlap int: KitanoKoikeOkada

M~ Co(ulouy) / dPrpe| fa(x)|2e "9 (NToN)

N,O SD overlap int: guess from SD DM targets

For light nuclei (Z < 30), %1[9 ~ constant in nucleus, = use WIMP results.
eq for Spin-Dependent: (S]‘é[ = spin expect. value of nucleon N in nucleus A of spin J 4. S]‘é[ ~ 1/2).

sz
Z / x| fn (D)) (Uny*ysun) = d4mySy—=5

‘JA| Engel,...
NeA

also at g2 =+ 0: NoN = 2N~yysN, NysN — 0 so with CA = C At 25;137%

r 8G5m’ Ja+1S4(m,
D SEEM g ysTA T LAl “S o+ SACT (Lo R}]
Fcapt Pcaptﬂ-2 JA SA
~ ~ 2 ~ ~
BRSD ~ Cﬁf,][\f + QCQJY’g| -+ ‘CJJX’% + 20%{5‘ CiriglianoDavidsonKuno

S 4(q) finite momentum transfer correction (exists only for Axial) for Al ~ 0.29 EngelRTO,KlosMGS
(also can make WIMP approx for low-Z S| pt— e conversion)



The Spin-Independent it — e conversion rate

build the nucleus as a bound state of nucleons,

bind muon in 1s state. For 4-ferm operators :
Sl overlap int: KitanoKoikeOkada

M~ 3" Colalou,) / Pr| fa(2) 24 (NTON)

N,O SD overlap int: guess from SD DM targets

For heavy nuclei, zZlS ~ varies in nucleus, = evaluate overlap integrals.
For Spin Independent operators (D,S,V) KKO calculated “overlap integrals” of
wavefns wls Ve ~ €97 and (for 4 ops) Operator xnucleon density (| fn(z)[2):

RO /d3x@f§li3|fp(x)|2szv:(p{1,70}29)

Distortion of ?Ze at high Z causes VIV) > §(V)

32G
Fcap

ZQ|ZC~1‘2 - ZQ‘ZCSH
|ZCSD\2

R [\Cpp Ve L Crn @) 4 Crrn v 4 O S +Cp DI+ {L R}]

2




caveats to (our) Spin Dep Estimates

make approximation
A, T overlap integrals <> nuclear expectation value of spin current
SD p— e conversion DM WIMP scattering

1. to use SD WIMP results, must be able to factor 1, out of overlap integral
but for “heavier” nuclei, Ryucicus > Ry, ~ a/my,

2. SD WIMP results for Axial currents of nucleons
at ¢° = 0, pseudoscalar vanishes and tensor current o< axial:

u% (Pr)ysuly(P)  — 27 Sy
W (Pp)yiysuly (P)  —  4myS?,

E?V(Pf)azkuﬁv(ﬂ) — 4771]\[61']@'5?\7

spin vector of the nucleon: 2SN — ! EuN/QEN
rotation generator : S% = L[y" ] = ZeWRDF,

But ¢ = m?...what about P, and A # T because no pion exchange to T.

[T



Quantifying which targets give independent information

. neglect Dipole (better sensitivity of 1 — efy (MEGI) and p — eee(Mu3e).
remain to determine: C = (C‘p/pR, ngz, s C )

. recall that )

BRS[(A,LL — Ae) X ‘C_; . 77A
where target vector for nucleus A
(V(p) SX),VXL),S?»

. So first experimental search (eg on Aluminium) probes projection of C of Ta,
. 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% (K KO)

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

overlap integrals have theory uncertainty: A6



Current data+ theory uncertainty ~ 10%: two targets give A6 > 0.2
BR(pAu — eAu) <7 x 10718~ (Au:Z =79)

BR(pTi — eTi) < 4.3 x 107 (Ti: Z = 22)

0.3

0.25

0.2

0.15

0.1

0.05

O—lIII|IIII|IIII|IIII|IIII|IIII|II

N
o
N
o
(o))
o
oo
o

Ta= (VP8P viM 50, and BR o |54 - C|?
Uay - Uz = |Uayl||Uz]| cos ...plot 6 on vertical axis



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

First target of Mu2e, COMET: Aluminium (Z=13, A=27)

’lAJAl ~ %(1, 1, 1, 1) (recall é’@p, é’gp, é’{}”, é’g”)

basis of three other “directions’ :

1 i
’LA)np = _(_17—1,1’1) 03E
2 0.25:_
vys = =(1,-1,1,-1) oof
. o15F-
~ 1 |
UISOSV = 5(_17]-7]-7_1) 0.15_ “““““““““
0.05:_ ...................... —
0 ;—-_ A __ ____________________
03 2|0 4|0 6'0 8|0 160

probe 3 combinations of Sl coeffs



All current data... BR(pAuw — eAu) <7 x 10718 (Au: Z =79)
BR(uTi — eTi) < 4.3 x 10712 (Ti: Z = 22)

0.3

0.25

0.2

0.15

0.1

J

0.05

—

Ny

Z

O—lIII|IIII|IIII|IIII|IIII|IIII|I

BR(uPb — ePb) < 4.6 x 10711
BR(,MS — 65) S 7 X 10_11 S = Sulpher, Z = 16
BR(,LLC’LL — GCU) S 1.6 x 10_8 Cu = Copper, Z = 29



in practise: need to “match” and “run
need a recipe to relate EFTs at different scales

1. when change EFTs (eg N < ¢ at 2 GeV):
match (= set equal) Greens functions in both EFTs at the matching scale
match quark operators onto nucleon (N € {n,p}) operators:

i(z)Toq(z) = GSIN(z)oN ()

g (N|q(2)q(x)| N)=G5 (NN ()N ()| N)=G5 "an(Pr)un (P;)eFr= i
So obtain, eg CSL—Z G’y

2. Within an EFT: Lagrangian parameters (as(u), ¢(u), Cr(p), ...) evolve with scale

(due to loops).Described by Renormalisation Group Eqns. For {C}} below myy:
Davidson, CrivellinDPS
0 Qg = Q
—(Cq,..Cy,...) = =CT° + =L
ME?,LL( ! Jsew) 4 47

line up operator coefficients in C, I' = anomalous dimension matrix :
I'* & rescales coefficients, I'¢ <+ transform one coeff to another...

AbOVG mw . F fOI’ SU(S) X SU(Q) X U(l) JenkinsManoharTrott

cre




But to reconstruct New Physics, need constraints not sensitivities...

sensitivity: range of parameter that could see

(in best of all possible worlds)

Qutside thick red line

constraint: outside ellipse incompatible with data
thick black line

to reconstruct NP, need to know ellipse
inside which sit {C'}.

82 parameters, 12-22 constraints...what to do?
a) find more constraints ?
b) what cancellations are “natural” in EFT?




How much cancellation to beleive? (“fine-tuning of coefficients” ?)
suppose {C'(Aexpt)} parametrise renormalisable, natural high-scale model.

1. allow arbitrary cancellations among {C(Anp)}

({C (A p)} unknown functions of the model parameters, symmetry-based cancellations could appear fortuitous?)

2. assume model not know Aeajpt (despite that is determined by mass ratios which models knows)
so coefficients not cancel against logs

= allow: |Cy +nCs| =0, not allow: |C} + nae,,Calog| =0

e QCD-running of scalars and tensors < not cancel S vs T vs V to more than one
sig fig

35 Cvsl < 10e
= | Zj Cyj+ A Zk Csr+ AT ZZ CT,z" <€— | A%s Zk; Cs,k‘ < 10e

‘)\aT Zz CT,@" < 10e€

Then within each subset, at each order in ag,, log, allow cancellations up to next
order ~ O(2 log):

4
if |ZjnjCj| <e=C(C,; S —71-6

aem



Which coefficients are missing? Why?

axial operators (eY*Pyu)(fyaf) for f € {7, c,s,b}
pseudoscalar operators (€Py ) (fvsf) for f € {1,u,d,c,s,b}

diphotons + CPV digluons



