m, = (charged) lepton flavour change happens, and the LHC exists ...so look for
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1. LHC is a discovery machine: look for LFV decays of theoretically motivated new
particles (sleptons, Ng,...)

2. SM external legs exist = look for LFV interactions of SM particles?
with a heavy SM leg, so LHC complements lower energy searches
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1. LHCa discovery machine: look for LFV in decays of theoretically motivated new particles (sleptons, Ng,...)

2. SM external legs exist = LHC look for LFV interactions of SM particles?
with a heavy leg, to complement lower energy searches
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Parametrise LFV vertices as contact interactions
Bounds from low energy and LEP?
LHC sensitivity?



What about the Z7

LEP?
LHC?
low energy?



Dimension six operators for LFV Z decays

Mass dimension of Z and two lepton external legs = 4
= 7 — 7T operators contains two Higgs and/or Derivatives
Three options among gauge invariant operators at dimension 6:

O(0?%) : TypDaTB* ...

O(H?) : [H'D H[m*r ...
O(yHO) dipole : (,Hog,7BY" ...

(where B®P = 9B — 9P B, B hypercharge gauge boson).



Dimension six operators for LFV Z decays

Need two powers of a vev/momentum in operator.
Three options among gauge invariant operators at dimension 6.
Suppose operator coefficients such that:

Rossi+Brignole
2
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NP of mass A > m  in aloop, A, C, D dimless



LEP and the LHC

1. LEP1 was a clean Z machine, with 17 x 10% Zs
BR(Z — eTpT) < 1.7x107% | BR(Z - eT77) <9.8x107% | BR(Z - uFr7) <1.2x107°

2. at LHCS8, o(pp — Z — pji) ~ nb, L ~ 20 fb~t, BR(Z — pp) ~ 0.0366
o(pp = Z — pji) X L

~5x10"Zs ~ 25 x LEP
BR(Z — ujt) ’

HLs ~

ATLAS 1408.5774: BR(Z — eTu*) < 7.5 x 1077 95% C.L..

= LHC has more Zs than LEP, and better sensitivity



Low energy: the Z contributes too?

decades of rare decay/precision data?... BR(T — ppip) < 2.1 x 1078
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Low energy: the Z contributes too?

decades of rare decay/precision data?... BR(7 — pjip) < 2.1 x 1078

TL T %

e

ML H M
But gradient operators better constrained at high energy. Consider (9228 — o8z = z25)

1 2
ZP 0P — gZC 2./\2

MYaZ®T

—0ug T (negligeable)

? But, am | allowed gradient operators? Yes, more later ...



The gradient? Z — 7= uF operators: are they important in loops?

and can | calculate that? Z ’u
lﬁ%
1. assume NP scale A > m, ~
2. assume NP generates only 0> operator (no other LFV; not + — uv), SO ' Interaction’:
pz
7 T/

3. in RG running between A and myz, Z — 74T will mix to 7 — py operator
(...estimate the coefficient of 1/¢ in dim reg...)

3a gy (Curlog ’ 80371)4
BR(T = u) =~ G2 ( 3oz ) "0

= no constraint on C,,; from BR(T —ly) $2x 1077

but p — ey constrains C,: BR(Z — e*pT) $10710. )@“

(BR(u — ev) < 5.7 x 107 13)



Simma EJPC
Derivative Operators, Eqns of Motion and the Operator Basis

equations of motion (EoM) for the hypercharge boson (B ~ Z)
0,B" ~ §(H'DVH — [D"H]'H) — g 32 QT2 f = 0

p2ZI/ . mQZZV ~ g/JI/



Simma EJPC
Derivative Operators, Eqns of Motion and the Operator Basis

On-shell S-matrix elements induced by an operator containing EoM wvanish. This is
used to reduce the operator basis.

Fg, the equations of motion (EoM) for the hypercharge boson (B ~ 7)
0,B" — L(HIDVH — [D*H]TH) — ¢' S, Q4T+ f = 0
so the operator:

O =y, 1(0,B" —ig?HIHB" — ¢' S . Q4 F1* f)
Induces vertices

Trufy o QL

B"Ty,p, X PR — M (mp=¢(m)
These vertices cancel in on-shell S-matrix elements : _ -
Foon L/

Eriolin = @f W - el el

J T f T



Simma EJPC
Derivative Operators, Eqns of Motion and the Operator Basis

On-shell S-matrix elements induced by an operator containing EoM wvanish. This is
used to reduce the operator basis.

Fg, the equations of motion (EoM) for the hypercharge boson (B ~ 7)
0,B" — L(HIDVH — [D*H]TH) — ¢' S, Q4T+ f = 0
so the operator:

O =y, 1(0,B" —ig?HIHB" — ¢' S . Q4 F1* f)
Induces vertices

Trufy o QL

BYTyp, X Pp — M (mp =g/ (H))
These vertices cancel in on-shell S-matrix elements : _ -
) Fooi , L 4
Erlolff = Q) W - QL >M<
f T ? f T

so only keep one dim 6 Z7u operator: HDVH, or 0*ZY X7, 1



Getting the same constraints on NP in either basis?

1. four fermion operator and 9% LFV Z operator:
Ty wmu) paT
e on the Z, LFV Z coupling contributes, 4-f operator not.
e in 7T — pup, only 4-f operator contributes

2. four fermion operator and penguin=H'"D"H LFV Z operator:
Ty (Eep) . mZTZ
e on the Z, LFV Z coupling contributes, 4-f operator not.
e inT — uuu, both operators contribute in the amplitude, cancellations possible.

formally: below m >, must “match out” Z so the coeff of 4 ferm op changes
Z

Choose derivative operators to parametrise Z contact interactions, because these
contribute at LHC (where Z is propagating particle), but not at low energy:



Summary about the Z: LHC has interesting sensitivity to Z — pu*7F, Z — e*7rT.

h — 170

low energy bounds
h — i1 selon CMS?



Operators and Models for LFV Higgs decays

LFV could appear in Higgs decays:

1. if have Yi¢/HT, plus dim 6 operator YoHTH/H T

Giudice-Lebedev, Babu-Nandi

2. also two Higgs doublets of “ type IlII" = flavour changing couplings
+ keep two neutral light scalars ...Davidson-Grenier

Aristizabal,Vicente



Low energy constraints

LFV could appear in Higgs decays:

1. due to effective dim 6 operator H'H/H T Giudice-Lebedev, Babu-Nandi
2. also two Higgs doublets of “ type IlII" = flavour changing couplings

+ keep two neutral light scalars Aristizabal,Vicente

Diaz-Cruz, Toscana

allowed by low energy LFV searches: Ka”em“[;;%t;lzjrfr:z

e tree exchange of h :7 — nu, T — pjp Goﬂierlnlfkizzdpevzf:x

 Yrn S O(1) ok Blankenburg,Ellis, Isidori

e loops : 7 — uvy, EW precision, b — sv, etc
> Yru S O(yr) ok



Tree level Higgs exchange (diff from Z! h is much narrower)

in low energy rare decays:

T A 2,02
C(r—3w) "
h L'(r—uvw)

[ It

2 2
o YruYi
gt g4
4
W
so feeble bounds on vy,
2 .
on the narrow resonance ( I'y, ~ 3y; /167):
TL
2
______ I'(h—Tu) N Y7
h T (h—bb) v2
KL

right place to look for small couplings: BR(h — Tu) ~ |yw\2/y§



Bounds on LFV Higgs couplings from loops?

Recall perturbation theory expands in couplings and loops, and m,/m: < 1/1672

one-loop amplitudes o (yrvy,)/167* can be smaller than...

...two-loop amplitudes o ¢*(yrrvy;)/(1672)?

Most restrictive bound y,,, < .1 from 2-loop 7 — py

(model-dep; what else in loops?)

And not see h — e*uT at LHC because BR(h — e*uT) <1078 from p — er...



CMS: h — 74T

CMS preliminary  19.7 fb™, Vs = 8 TeV
w0 Jets BABANRAERNURRRS RARRNRARRR RS
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BR(h — 7*puF) = 0.89




t - e urq
(t — 76T q)

Low Energy?
LHC?



Contact interactions mediating LFV top decays

o) = 1)@ a)
Oz(qS) = (U )@ )
Ocq = (@ )@ "ar)
O = (L) @y ue)
Ocu = (€iv%ej) (@ uy)
Otegy = (liej)e(@ur) = —(ie;)(dvur) + (€ Pre;) (U, Pruy)
Ol(s(;u = (lio*"e))(q,0a5u)

[,q are doublets, e, u are singlets
v % 7 lepton flavour indices, ¢ = third generation quark index, r = first or second
generation quark index.



BRs for LFV top decays is small...

Standard model top decay is 2-body, by enhanced equivalence thm :

2 3
g my

L't — bW) =

647Tm%V

Three body decay, due to contact interaction %(ZWQPRQ)(ZWO(@)

guess from I' = G2.m?2 /(19279)):
My

5
my

8 x 1927m3A4

L't — A/ + J)y4a =

So
BR(t — (70~ 4 j) = —2%_ <2x 1073



Low energy: LFV B and K dec

focus on tR (because what ¢ does, by, does too...)

exchange a W between the quark legs of AQ(CVO‘PRt)(EvaPL,u) gives

2

N z dv*P WP
T672AZ(m? — m?) ong( V" Prs)(€vaPrLp)

g mtmc‘/ts Vcd

which contributes to Kt — e ™.

compare to SM K+ — 44T

92

327T—2V52V2d(d’7 Prs)(lyaPLl)




Low energy: LFV B and K dec

BT - KTt ¢= ete ,uTp~ | 4.5,45,5.5 x 10~
Kt —watutu ,ete” 9.4,3.0 x 1078
BT — ntetpuT <1.7x10~"1
Bt — ntirrT < 72x107°
BT — Ktety™T <9.1x10"8
Bt — KH*r¥ <3—-48x107°
Kt = ate pu™ <1.3x107+

constrain coefficient of LFV top operator by normalising with SM:

m; _ BR(K — metp™) mi|Vig|*>  _
A* 7 BR(K — mlte—) 14.5m2|V,q|? ™

2x107% r=c
12 r=u

Also restrictive bounds from K; — pe.

Summary: for one operator, BR(t — efi + jet) S few x10~* (for other operators,
BR(t — efi + jet) < few x1077). t — £7 + jet unconstrained by B decays.



LHC sensitivity to LFV top decays?

CMS and ATLAS search for t — Zc¢, Zu:

Find BR(t — Z+jet) S 5x10~% (assuming Z — ee, uji, BR(Z — {107) ~ .036)).
Equivalently BR(t — £7¢~ + jet) S 4 x 107°.

?? = sensitive to BR(t — efi + jet) S few x1076 27



Summary

The LHC could produce New particles with LFV decays.

If New particles are beyond the mass reach of the LHC, they could nonetheless
have effects parametrised by contact interactions, involving kinematically accessible
particles. The LHC is the only place where the ¢t,h and Z are kinematically
accessible, so it (7is the only place which 7) can probe their LFV contact interactions.

ATLAS : BR(Z — eji) <7.5x 1077
CMS BR(h — 7ji) < 1.57 x 1072 (with ~ 20 excess: BR ~ .89 x 1072)
to do: the top?

Unlikely to see h — e*uT, Z — e* T, due to p — ey bound.
But maybe LFV top decays: ¢t — e* T+ accessible to LHC?



