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?
= stamping group of low energy precision expts (MEG,...)
= at LHC with a heavy SM leg, so 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?
= stamping group of low energy precision expts (MEG,...)
= at LHC with a heavy leg, to complement lower energy searches
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Parametrise LFV vertices as contact interactions
Existing bounds?
LHC sensitivity?



What about the Z7

LEP?
LHC?
low energy?



LHC has more Zs than LEP

. 17 x 10°% Zs at LEP1
BR(Z — eTpT) < 1.7x107% | BR(Z - eT77) <9.8x107% | BR(Z - uFr7) <1.2x107°

. at LHC8, 5 x 10® Zs ~ 25 x LEP
ATLAS 1408.5774: BR(Z — eTpu®) < 7.5 x 1077 95% C.L..



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
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But gradient operators better constrained at high energy. Consider (9228 — o8z = z25)
1 2
97C 5354 T T = 9205 2A2L%Z“
Cm?3, _
on the Z : vertex 292167T2A2,LLZ7'
C'm? :
in 7 — pjipovertex < 9276 2A2,LLZ7' (negligeable)

= gradient operators negligeable in low energy tree processes



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...)

3 4 C 7-1 2 027.'04
BR(T%/L’}/) @ 9z (“ og) ~4x 1078 £

4 GEAY \ 3272 A4
= no constraint on C,,; from BR(T — ) £2x 1077
but p — ey constrains C,: BR(Z — e*pT) $10710. @“

(BR(u — ev) < 5.7 x 107 13)



Am | allowed gradient operators?

1. Reduce operator basis using Eqns of Motion, eg for hypercharge boson B*:
8,B" — $(H'D'H — [DYH]'H) — ¢/ S, Q4T+ f = 0
p2ZV . mQZZI/ ~ g/JI/
so, eg, if four-fermion operators are in basis, include either

pP’TL . or  mZTL
other is redundant.



Am | allowed gradient operators?

1. Reduce operator basis using Eqns of Motion, eg for hypercharge boson B*:
9,B" — $(H'D'H — [DH]'H) — ¢' S, QL Fy*f = 0
p2ZV _ mQZZI/ ~ g/JI/
so, eg, if four-fermion operators are in basis, include either
pTE . or myTL
other is redundant.

2. same answer for either basis?
four fermion and 0% Z operators: (Ty%u)(my*w) , p57TL

e on the Z, LFV Z coupling contributes, 4-f operator not.
e in T — ujiy, only 4-f operator contributes

four fermion and m?% Z operator: (Ty%u)(my*w) , m27Z u

e on the Z, LFV Z coupling contributes, 4-f operator not.
e inT — iy, both operators contribute in the amplitude, cancellations possible.

(formally: below m 7, must “match out” Z so the coeff of 4 ferm op changes)

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 — p*7F, Z — e*rT

t - e urq
(t - 7€7q)

Low Energy?

LHC?

(work in progress)



SU(3) x U(1) invar operators mediating LFV top decays
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e, u Dirac spinors. 4, are unequal lepton flavour indices, r € {u, c}.

SU(3) x U(1) operators are almost S-matrix elements <> physical. Can inpose SU(2) later.

attribute coefficient €772y/2G r = €7 /m? to each operator (remember c, it reappears...)



BRs for LFV top decays are small...

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

3

2 2
g my Yy
Lt — bW) B 647rm‘2,v = 327

Three body decay due to LFV operators phase-space suppressed:

_ my 1171t 2 1jrt 2
T(t = 007 +¢) = ( J J
( i vy —I_Q) (487'('2)(327'(') ‘ V:I:A‘ | S:I:P|

2
—  BR(t — 0107 < e
(t= 6t +9) — 4872

< 2 x 1072 ¢f?



LHC sensitivity to LFV top decays?

CMS and ATLAS search for t — Zc¢, Zu:

Find BR(t — Z+jet) S 5x107% (assuming Z — ee, puji, BR(Z — (747) ~ .036)).
Equivalently BR(t — £70~ + jet) S 4 x 1072,

?? = sensitive to BR(t — e + jet) < few x107° 77
(t — 7=0F & ¢ more difficult)

= is €®H9 2 .03 allowed by existing data?



Existing bounds on tLFV operators (better/worse than .03?)

1. HERA (e™p @ 4/s = 320 GeV) looked for yut vertex:
oletp — ett[— putvb] + X) < .30 pb
if assume this implies:
ogletp — puTt[— etvb] + X) < .30 pb
then can use to constrain (zl'e)(tI'u) contact interactions:
erett S .3 — .1
(NB: not constrain tc operators)



Existing bounds on tLFV operators (better/worse than .03?)

1. HERA (e™p @ 4/s = 320 GeV) looked for yut vertex:
oletp — ett[— putvb] + X) < .30 pb
if assume this implies:
ogletp — puTt[— etvb] + X) < .30 pb
then can use to constrain (zl'e)(tI'u) contact interactions:
erett S .3 — .1
(NB: not constrain tc operators)

2. loops?

K, —ep = |e] < .01 for (ey”Pxu)(uy,Prt)
= |e| < .1 for (ey?Pxp)(cv,Prt)
= |e| < .3 for (ePxu)(¢Prt)
no bound on (ey”Pxu)(qv,Prt), (ePrLu)(qPrt)
B~ — ev = |e| < .02 for (ePru)(qPrt)
= many LFV top operators €2v/2G r(el'u)(ul't) can have coefficient € ~ 1



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?



Backup



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



