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. Introduction:

e what is LFV? and why s it interesting?
e some upper bounds

. effective operators for Z — 00'...

e an improbable place to find LFV
. Z = 1FuF @ LHC ... in the Z — 77~ background?
. real work (thanks to S Lacroix)

. expected limits



the LHC is not the wrong place to do Z physics

e LEP1 was a clean Z machine, with 17 x 10% Zs
BR(Z — etpT) <1.7x107% | BR(Z - et77)<98%x107% | BR(Z - pTrT) <1.2x107°

e at the 7,8 TeV LHC, o(pp — Z — upi) ~ nb. £ ~ 20 fb~1 = 20 x 10° Zs 77

o(pp — Z — pji) X L

~ 1087
BR(Z — pji) ’

HLs ~

BR(Z — pp) ~ 0.0366

(compare e.g. o(pp — tt) ~ 160 pb... 2 150 Zs for each tt pair)



Lepton Flavour Violation: what is it? Why interesting?

LFV = flavour changing point interaction of charged leptons
= FCNC in charged leptons : 7 — u~, ...

1. we know m, # 0 = Beyond the Standard Model in the leptons! z fes

2. But not see LFV yet. ‘&5’

3. But A(LFV) o m2/m#, ~ 207%% = observable LFV requires dynamics other
than m,

entertainment for theorists: obtain log GIM in leptons...



What do we know (experimentally)

some processes current sensitivities
BR(p — ey) < 2.4 x 107+
BR(u — eée) <1.0x1071?
o(p+Au—e+Au) —13

o(pu capture) <7x10
BR(T — ) <3.3,44x10°8
BR(T — 3¢) <15—-27x10"8
BR(T — e9) <3.1x107%
BR(KY — pe) < 4.7 x 10712

BR(Kt = ntov) | =1.74+1.1 x 10710

BR(Z — e*uT) | 1.7x1076
BR(Z — e*rT) | 9.8x107°
BR(Z — p*7T) | 1.2x107°




How to interpret those numbers —two perspectives

1. m, arise in my favourite model — what do LFV bounds tell me about it?

2. | want to know what generates m, — how do | learn that from the data?

? maybe | learn something with the Effective Lagrangian?



(Organising and interpreting) what we know: the effective Lagrangian

Suppose that NPericesy are above (fuzzy) mass scale M > myz. At E < M,
describe their effects as “contact interactions” among light particles in an “effective

Lagrangian’:

Lo = Lou+ Acgﬁy + Acgg’;ﬁf
ALLEY = ZZ ~7On(H {0}, Ay, ) + he.
d>5 n

The operators {O,,} :

e built with *kinematically accessible® SM fields (avec Z, at my; sans Z & m)

e respect SM gauge symmetries

e describe the legs of the LFV diagrams (including Higgs vevs)

The (dimless) coefficients C™ contain coupling constants, 1/1672,

(SM = Standard Model, NP = New Physics, New Particles +...)



At dimension six in L., at scales < my

match in two steps:

1) @ M: EW + NP onto broken SM with particles {Z, W=, 7, u, e, Vo, 7} and Ly
2) @ mz(mw): onto SM with particles {7, u, e, va,v} and L ;.

After step 1):

TL KL
LFV,6 CTEm?, em CTH
ALeff = T1672012 f< T T6nia2 W< +.. +he

1229 TR

€R
CeT,ue er, eyuce,u Y )
_I_ (... _I_ 167T2M2 W% —|— W —|_ + h.C.

2 MR €L

(NB | assume NP in loops; o< 1/(1672M?), for most LFV processes)



At dimension six in L., at scales < my
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LFV,6 CT“m2Z emsC™H .
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For a given process with BR < ..., can obtain a lower bound on M:
1. identify operators/diagrams corresponding to a process,

2. set C' ~ 1,

3. compute rate,...



Interpreting what we know: bounds assuming dimension 6 operators

process bound scale, dim 6, loop
BR(u — ey) <24 x 1071
BR(pu — eee) <1.0x1071?
olptTimetTi) < 4.3%x10°13

o(pTi—vT4i)

BR(1T — {7)
BR(T — 3¢)
BR(T — em)

BR(KY — pé)
BR(Z — e*pT)

BR(Z — e*17)
BR(Z — u*rT)

< 3.3,4.4 x 1078
<1.5—-27x10"8
< 81x1078

<4.7x10712

< 1.7x10°6
<98 x%x10°°
<12x%x10°°

0.22 TeV
0.14 TeV
0.14 TeV

can produce such NP at LHC?

EFT marginally consistent?



At dimension six in L., at scales < 10 GeV

: . (n) : .
operators O,, < diagrams, coefficients % ~ coupling constant for the diagram,
€R
LFV,6 L CGT,LLG er, emuce/,b Y
Aﬁeff — eee —I_ 167T2M2 W% —|— W ‘|‘ + h.C.
ML MR €L

For a given process with BR < ..., can obtain a lower bound on M:

1. identify operators/diagrams corresponding to a process,
2. set C' ~ 1,

3. compute rate,...



Interpreting what we know: bounds assuming dimension 6 operators

process bound scale, dim 6, loop

BR(pu — ev) < 2.4 x 10712 48 TeV

BR(u — eeée) <1.0x 10712 174 TeV (tree)
14 TeV

et Lo <43x10713 40 TeV

BR(T — () <3.3,44x107% | 2.8 TeV

BR(T — 3{) <1.5-27x1078 | 0.8 TeV

BR(T — em) <81x107% 0.5 TeV

BR(K? — pe) < 4.7 x 10712 25 TeV(V £ A)
140 TeV(S + P)

BR(Z — e*p®) | <1.7x107° 0.22 TeV

BR(Z — e*17) | <9.8x 1076 0.14 TeV

BR(Z — p*7F) | <1.2x107° 0.14 TeV

if all flavour-changing couplings are of the same order, then should look for LFV in u — e

lepton decays probe higher M that Z decays— in EFT, given v, 7 bounds, can LFV Z decay be observed?
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Is it worth looking for LFV Z decays: L.;; for Z — 75,T at dim 6

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

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

O(H?) : [H'D Hpy*r ..
O(yHO) dipole : ZMHUBQTBQ’B ..

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



Is it worth looking for LFV Z decays: L.;; for Z — 75T dim 6

Mass dimension of Z and two lepton external legs = 4

= operator contains two Higgs and/or Derivatives
Three options among gauge invariant operators at dimension 6:

0(0%) : @yeDatB* | €,0'ysDo ;WP 4 ~NgD ol B*
O(H?) : [H'D H|mpv*r , [H'o'D H|[(,0'v*¢;] , [HTD H][{,v*¢,]
O(yHO) dipole : (,Hog,B* | (0 Hogo WP



Is it worth looking for LFV Z decays: L.;; for Z — 75,T at dim 6

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

— o p —_ (8%
ooy ygDaTB o gZCl67TQZM2'u%‘TZ
2
— m - o
., [H'D H|m*T — gZA167T2?W2,LwaZT
0 « mr — «
o buHogaTBY = gz Do lfioasT] 277

NP of mass M > my inaloop, A, C, D dimless



Is it worth looking for LFV Z decays: L.;; for Z — 75,T at dim 6

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

9 Rossi+Brignole
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2

e, |H'D Hpv“T — gZAlG s e LT

NP of mass M > m  in a loop, A, C, D dimless
Operators with gradients better constrained at higher energies:

Cmy _ + 5777%
on the Z : vertex :g2167r2M2'uZT , BR(Z — 1=puT) ~1.7x10" ok (C=1)
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Is it worth looking for LFV Z decays: L.;; for Z — 75,T at dim 6

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

p2 Rossi+Brignole
afB Q
ooy ygDaTB — g2016 2M2,wyaTZ
— m Oé
o H'DGHINT = g7A- 25l 20T
7 af Mr B
., {,HopgaTB — gzD167T2M2[ILLO'QBT]Z

NP of mass M > m in aloop, A, C, D dimless
Operators with gradients better constrained at higher energies:

4

C 2
on the Z : vertex 292167:?]\242ﬁz7 . BR(Z — 75uT) ~ 1.7x10™ 5?\22 , (C=1)
C 2
in 7T — pFutu®: vertex < ng6W?]\T42ﬂZT
TL T H
?< >§< YES (0?) operators interesting
ML /’L ,LL . despite. that | don’t know

a model that gives C' big and A, D small



The gradient? Z — 75T operators: are they important in loops?

A
and can | calculate that? M
L&/i
1. assume NP scale M > m -

2. assume NP generates only 0> operator (noother LFV; not + — uv), SO ' Interaction’:

2

pZ — o
gZC,uT 1672 M2 :LVY(XTZ

3. in RG running between M and my, Z — 75T will mix to 7 — iy operator
(...estimate the coefficient of 1/¢ in dim reg...)

— 3a g% Crlog : _SC'ELT?J4
BR(T = 1) = e ( 322 ) ~ N

= no constraint from 7 — (v

but p — ey constrains C,: BR(Z — eTpT) $10719. @



(parenthése: H? and dipole operators can be neglected for Z — Ti,LL:F)

neglect O(H?) and O(yH) operators, because more strictly constrained elsewhere:

2

o for [HI D H|fiN*T — gz Are—EmiVaZT

BR(Z — v*u7T) . omy AP S BR(T — 3p) mZ|A| < 10-2
BR(Z — ptp—) S%VM4 ~ "7 BR(r — o) M4
o for (, HopoTB* — gz D25 [li0057] 27

probably (?), SM gauge invariant operators contribute also to photon dipole...not pay m factor in 7 — pu~y, so

better bounds there.

= better bounds on coefficients of 2 and dipole operators from lepton precision
than Z decay.
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Z — 517 — how to find at the LHC?

LEP1 bounds, with 17 x 10° Zs
BR(Z — eTpT) < 1.7x107% | BR(Z — eT77) <9.8x107% | BR(Z - p*r7) < 1.2x107°

w— ey = BR(Z — etpuT) <1019
end 2012, a few x10% Zs at the LHC

reconstruct p, e with .5 — few % accuracy (...hadronic 7s are “difficult”...)

= study Z — 7EuT — (eTvo)u™T
p p

( recall BR(T — ¢vv) ~ 0.176)

+

can extrapolate to Z — 7Te™, because soft 1 easier to find that soft € (see next page)

+

?? how to find in Z — 77F — (eTvo)(uTvw) 7?7 (BR(Z = e+ 4v) ~ 1073)



Number of events

+

pr of e and p, for Z — 75T — (eTvo)uT
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Kinematics

e Want to distinguish pp — Z — 77~ — (eTvi)u~
from background pp — Z — 777~ — (eTvo)(uvp) ...
e variable that differs for ygp with e (signal) from gr with e and u:



Kinematics

e Want to distinguish pp — Z — 77~ — (eTvi)u~
from background pp — Z — 777~ — (eTvo)(uvp) ...
e variable that differs for ygp with e (signal) from gr with e and u:

1. collinear approx for 7 decay products
T boosted : v ~ mz/(2m,), = all 7 daughters aligned on 7:

Pr+ = De+t +p1/ -+ Po = QP+
for backgrd, Z — 77~ — (eTvi)(u vi) also p_— = ﬁp,u_.
signal : pZZ — m72_ = 204pe+ . p,u_ , background : m2Z — 2m3 = 2afp + P,

2. Neglect pr of Z
Signal : Oz|pT’e+‘ = |pT,,M_| ,  background : oz|pT’e_|_| = 6|pT’M_|

= two determinations of yr = pr, + prs (), assuming its aligned on pr..
Difference is 0 for signal...and not for background.
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Backgrounds and Simulations...

Some processes which give ,uie$ + ..., and expected number of events for 20
fb~! data

1. Z/v* — 7577 = (Fvvl'Fovw with (0 = e, pn (Mz/» > 20 GeV) 4 800 000
2. tt — blTvbl'~ v with £,0 = e, u, 7 480 000

3. Wt — ¢Fvbl!Fv with £,0 = e, u, 7 47 000

4 WHW— — 0Tvl'~ v with £,0 = e, u, 7 120 000

5. Z/v*Z/v* — fff'f 160 000

(N)NLO/(N)NLL cross-sections from various codes. LO simulation with Pythia.
Fast CMS simulation of Delphes (anti-k; jets of FastJet).

Simulate ~ 10x number of events expected by end 2012 (grid). And 10° signal
evts.



Looking for Z — 75 ,7T...

Selection criteria Npackgra. Signal efficiency (%)
muon, pp > 30 GeV 43,500 0.4
e, pr > 10 GeV

OS 42,652 9.4



Looking for Z — 75 ,7T...

Selection criteria Npackgra.  Signal efficiency (%)
muon, pr > 30 GeV 43 500 9.4
e, pr > 10 GeV

OS 42.652 9.4

no jet with pr > 30 GeV 11,358 7.8



Looking for Z — 75 ,7T...

Selection criteria Npackgra. Signal efficiency (%)
muon, pyr > 30 GeV 43 500 9.4
e, pr > 10 GeV

OS 42 652 9.4
no jet with pyr > 30 GeV 11,358 7.8
Aop(e, ) > 2.7 6,850 6.9
Ad(eBr) < 0.7 3,763 6.2
38GeV < M, <92 GeV 3,201 6.1

Originally 5.5 M SM background events, are left 3201. Of which, 95% are
Z/’)/* — T:l:T:F — ,uiejFl/D ( see next page).

signal efficiency : 6.1 %.
LEP limit (BR(Z — 7%uT) < 1.2 x 107°) = 489 signal events.



So where are we now? ...

- - -
S 300 :_ = Z— I+I+jet.f
B 1t
.fﬂ B WW,wz,zz
dc, 250 — ] single-t
= E :: Signal
W 200
150
100
50 —

S!I .5 -1 -0.5 0 0.5 1 1.5
A o

Ao — 0 for neutrino 4-p aligned on e

(dashed line is Z — 7+ at the LEP1 limit: 489 evts. Backgrd = 3201)



Getting a bound on BR(Z — 7% uT) from that plot... statistics

Want to quantify that the simulated background does not look like the signal
(significance test)

Have expected background, and signal efficiency.
Assume 3% systematic uncertainty (!)

Compute 95% CL expected limit...using C'L,

(~ value of BR such that should see more events in 95% of cases):

BR(Z — v*uF) < 3.5 x 10~

(4 times better than LEP1)



Events /1 GeV
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If look for BR(Z — e*uT) too...

U Z= T+ jets

[ i

WWWZ,z2Z

B single-t

Signal

re=n
(]

0 60 70 80 90 100 110
eu invariant mass (GeV)

BR(Z — e*u¥) < 4.1 x 1077



Systematics...

Expected BF{95 in term of luminosity for e w Expected BR95 in term of luminosity for T u
x10° x10°
& 0.5+ Systematic 3 8;_ Systematic|
T -~ 1% C ~ 1%
o ! . 2 m 7 .z
i . 3% - v 3%
0'4: - 5% 6:—.\.\.‘ -+ 5%
0.3f °
i 4:1\\
: oF
0'1_ ;\\\’\A_N
i -
oL | | 0'. L] L L



Summary

e Neutrinos have mass < there is New Physics dedicated to Lepton Flavour!

e But, no flavour-changing processes observed among charged leptons (yet).
= look everywhere!

e OLHC

— can look for New (s)Particles with LFV decays
— can look for LFV with external legs that exist:

+ + +
Z = T1rut, et utet

e with data up to 2013, and aggressive systematic error improvement (— 3%), can
improve LEP bounds by factor ~ 4:

BR(Z — %) < 3.5x10°% , BR(Z — e*pF) < 4.1 x 1077

(expect sensitivity BR(Z — Tie:F) similar/better than Z — T:I:u:F. And BR(Z — e:l:u:':) < 10710 from ©— ey).



