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The Standard Model
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The Standard Model

Mixing in the quark sector
Weak interaction eigenstates differ from the mass eigenstates }
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The Standard Model

Mixing in the lepton sector

Neutrinos oscillate changing flavor...but charged leptons do not! J
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The Standard Model

Charged lepton flavor violation occurs at one loop level in the SM but it is
highly suppresed. J

B — 1) = ar 3271 22 Ui ”’\%1054

This is an example of a highly suppressed LFV process in the SM. New
physics can provide mechanisms yielding a larger decay rate. J
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The Standard Model

Where to look for LFV ?
o LFV leptonic decays
O radiative: [; — Iy
Q leptonic: [} — /j/k/k
© semi-leptonic: [} = M, I; = [[Mi M,
@ ;1 — e conversion in nuclei
@ Higgs and gauge boson decays:
Q Z— i
Q@ H—lil;
@ Quarkonium decays:
Q Vi
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The Standard Model

Searches for LFV processes: leptonic decays

‘ LFV process ‘ Present best UL (90% CL) Future sensitivity

B(u—ey) |12x10711 [MEGA 1999]
2.8 x 10~ [MEG 2010] 10-18 - 10~ [MEG]

B(t — ey) 3.3 x 1078 [BaBar 2010] 3x107° [SuperB]
B(t — uvy) 4.4 x10-% [BaBar 2010] 24 x 107 [SuperB]

| B(j —cer) | 1x102 [SINDRUM 1988] [ 103 10" [MEG]
B(t — eee) 2.7 x 1078  [Belle 2010] 1072 - 1071 [SuperB]
B(t — pusi) | 2.1x 1078 [Belle 2010] 1072 — 1071 [SuperB]
B(t — euji) | 2.7x107% [Belle 2010] 1072 - 1071 [SuperB]
B(t — pee) 1.8 x 1078 [Belle 2010] 1072 — 1071 [SuperB]
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The Standard Model

Searches for LFV processes: 1 — e conversion and Z decays

‘ LFV process | Present best UL (90% CL) Future sensitivity
R(p —e,Au) | 70 x 10713 [SINDRUM2 2004] 1071 [Mu2E (Fermilab)]
R(u — ¢,Al) 10716 [COMET (J-PARC)]
R(p —eTi) |43x10712 [SINDRUM2 2004] 10718 [prism/PRIME (J-PARC)]
B(Z — pFeT) | 1.7x107° [LEP 1995] 2x107° [GigaZ]
B(Z — t*eT) | 9.8x107¢ [LEP 1993] 6.5 x 10°%  [GigaZ] « € [0.2,1]
B(Z — t*u¥) | 1.2x10°° [LEP 1997] 22k x 1078 [GigaZ]
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The Standard Model

Searches for LFV processes: Quarkonium decays

B(¢p — en) <2.0x 107,
B(J/y = eu) < 1.6 x 1077,
<2.0x107°,
< 6.0x 1077,
B(Y(2S) — er) < 8.3 x 1076,
B(Y(3S) — er) < 4.2 x 1075,

B(J/w — ur
B(YT - ur

)
)
)
)
)
)

B(J/w — er) < 8.3 x107°,

B(Y(2S) — puz) <2.0x 1078,
B(Y(3S) — puz) < 3.1 x 1075,
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CMS new

Recently
Search for lepton-flavour-violating decays of the Higgs

boson
The CMS Collaboration* 3 3 e e
S o ]
Abstract p N
PP
The first direct search for lepton-flavour-violating decays of the recently discovered o ]
Higgs boson (H) is described. The search is performed in the H — 7. and H — p, H + 2

channels, where 7. and T, are tau leptons reconstructed in the electronic and hadronic M), (GeV]” M), (GeV]

decay channels, respectively. The data sample used in this search was collected in pp Figure 5: Left: Distribution of M, for all categories combined, with each category weighted
A s _ N N by significance (S/(S + B)). The significance is computed for the integral of the bins in the
collisions at a centre-of-mass energy of /s = 8 TeV with the CMS experiment at the range 100 < Moy = 150GeV using B(H —» pi7) - 084%. The MC Higgs signal shown

CERN LHC and corresponds to an integrated luminosity of 19.7 fb~!. The sensitivity is for B(H — ut) = 0.84%. The bottom panel shows the fractional difference between the
of the search is an order of magnitude better than the existing indirect limits. A slight observed data and the fitted background. Right: background sublracted My distribution for
excess of signal events with a significance of 2.4 standard deviations is observed. The Hone

p-value of this excess at My = 125GeV is 0.010. The best fit branching fraction is

B(H — pt) = (0.847337)%. A constraint on the branching fraction, B(H — pt) <

1.51% at 95% confidence level is set. This limit is subsequently used to constrain the

-7 Yukawa couplings to be less than 3.6 x 1072

Hut coupling
y<36x1073
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CMS v results on LFV

Same excess detected by ATLAS, but less sensitivity

Search for lepton—flavour-violating H — ut decays of the Higgs
boson with the ATLAS detector

ATLAS D
K, cvents o (o7
Yoo Tev [Lat-203m"

The ATLAS Collaboration

B Z e W (05SS)
77 syst.une.

Events / 10 GeV

Abstract

A direct search for lepton-flavour-violating (LFV) H — ut decays of the recently dis-
covered Higgs boson with the ATLAS detector at the LHC is presented. The analysis is
performed in the H — 7y, channel, where 7y is a hadronically decaying 7—lepton. The
search is based on the data sample of proton—proton collisions collected by the ATLAS ex-

periment cor ing to an i inosity of 20.3 fb~! at a centre-of—mass energy

of /s = 8 TeV. No statistically significant excess of data over the predicted background

is observed. The observed (expected) 95% confidence—level upper limit on the branching 50 100 150

fraction, Br(H — 1), is 1.85% (1.24%). miMC [GeV]

Is this coupling consistent with existing data in other channels? J

What is the new physics behind this coupling? J
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Hpr induced decays

Here we address the first question: Higgs mediated LFV processes

;/HM/_(V - H”%
T <M+(ﬁ )
1~ (p3) G

Figure: The 77 — p~pu* ™ decay.

Figure: The QQ[*>*1L,] — ut decay.
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Hpr induced decays

Figure: The W — Tum decay.
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Quarkonium non-relativistic techniques

Heavy Quarkonium annihilation and creation

o Non-relativistic systems: v =~ as(Mv) three different energy scales:

@ Quarkonium mass: M : perturbative calculations.
@ Quarkonium inverse size: Mv : NP
© Quarkonium energy levels: Mv? : NP

@ NRQCD: Systematic expansion in v and as.
@ Novelty: contributions from color octet QQ configurations.

@ Here we are interested in the order of magnitude of the BR's. In a
first approximation we consider only color singlet contributions = old
quarkonium techniques.
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Quarkonium non-relativistic techniques

The invariant amplitude for the annihilation of color-singlet quarkonium in

a 2°*1[ ; angular momentum configuration QQ[>>*1L,] — X is given by
18

4
MIQQES L] = X1 = [ -5 TH0(Q. a)x(Q. )]
O(Q, q) is the operator entering the free quarks transition
M ~0.9).Q(F +a.51) =+ X] = 7T~ 0.2)0(Q. (2 +q.51)

and x(Q, q) denotes the wave function for the QQ[>*T1L,] bound state

2
X(@.) = 3 2m0(¢” — 5 - ouu()Ps.s.(Q: aHLM: SSc| ). (1)
M,S,

1 .
8Kuhn et.al 1979, Guberina et.al. 1980
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Quarkonium non-relativistic techniques

Here, Ps s, stands for the spin projectors

Q 1 1
Pss.(Q.q) = Z +q,51 (2 —q,52)(551;552\552>
51752
Ne @ 5

= ez caema g5 | (54 mo

where £(Q, S;) denotes the polarization vector of the spin one system.
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Quarkonium non-relativistic techniques

s-wave quarkonium J

Wave function is rapidly damped in the relative momentum q. Leading
terms are given by Ps s (Q,0) and O(Q,0). In the zero-binding
approximation: M ~ 2mg

with M denoting the quarkonium physical mass and

R(0)
/ ol @ =
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Quarkonium non-relativistic techniques

p-wave quarkonium J

The wave function at the origin vanishes = leading terms given by the
linear term in the expansion in gq.

MIQQ[PHP)l = X] = —i > (1M; SS,|JJ;) x
M,S,

M)[R’ r[0%(Q,0)Ps,s,(@,0) + O(Q,0)PS 5.(Q,0)] ,

where

0A(Q, q)

A%(Q,q) 90

and in this case

3
/(;l )3‘70%1/\/7( q) = _"\/ER’(O)%(M)-
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Quarkonium non-relativistic techniques

The polarization vector £,(M) satisfy the following relations

> (UM 1S, 100)20(M)es(S) = —gop + ot
M,S,

—i1 V
A;SZ<1M;1SZI1JZ>%(M)%(52) = e Q@)
> (AM;1S20,)ea(M)es(S2) = capl(de).
M,S,
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Calculation of the Hu7 LFV decays

Higgs-Quarkonium Coupling

%"’qasl
'@ ,,,,Q,,,,H
$-as

f O(Qa CI) = Iin
H o imy¢
***** < Buir =1~V =
7
The Higgs couples only to 3Py quarkonium
— 3R'(0) /3M
MIQQPPo] = H] = V() —. (2)
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Calculation of the Hu7 LFV decays

This coupling is proportional to R’(0) which is O(v?) as compared with
R(0).
Radiative decays involving s-wave quarkonium are of the same order!

H — QQ — ~ coupling

_ R M
MH - QQPsi) = “), M oy

with
Q K
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Calculation of the Hu7 LFV decays

5

calculate:

Xbo = BT

T — ury
Xco — pT
J/p — pry
T — pfy(980)
T = gy

T —3u

T — pete”

©0000000O0CO

W — urm

These decays depend on y and
on [Ru(O) . |Ryy(0)/2.

We extract the non-perturbative
matrix elements from the

3Py — 7y decays and from

3G, — ete™ calculated in the
same formalism.

Q+q,s i+
v
%_q752 I~
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Calculation of the Hu7 LFV decays

43207 ed|R'(0)[?
M4
4a2e§,|R(0)|2

F(QQPP — vy) =

MQRQPES — IT17) =

M2

| Process | Texp(GeV) | [R(0)]*(GeV?®) | [R'(0)]*(GeV?) |
T —>ete [1.28x10°° 4.856 -
J/ih — ete™ | 554 x10°° 0.560 -
6 —ete” [126x10°°%] 553x10°2 -
X2 =y | 234x10°° - 3.10 x 1072
fo — vy 0.29 x 107° - 1.08 x 10~*

Table: Numerical values of the non-perturbative matrix elements extracted from

the leptonic and two photon decays of quarkonia.
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Calculation of the Hu7 LFV decays

Branching ratios for lepton flavor violating decays involving the Hur

coupling.

Process Branching Ratio ‘ Upper limit
Xbo — [T 5.5 x 10717 28
T — uty 5.7 x 10714
Xc0 — YT 1.5 x 10717
J/p — pry 5.1 x 10717
T — nfp(980) | 84 %1077 [ <34x10°8
T — udry 1.7 x 10714
T — 3u 2.3 x 10712 <21x10°8
T — pete 7.3 x 10717 <18x10°8
W — urm 3.2 x 10717

*|Ry;,,(0)]> = 1GeV?® from quark model calculations [Likhoded-2012]
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conclusions

Conclusions

© Recently, CMS measured the Hut decay finding

BR(H — ut) = 0.84f8:§?°o (best fit). The Hru coupling y is

constrained to y < 3.6 x 1073.

y induces LFV decays of quarkonium and the 7 meson.

We calculate these processes using quarkonium NR techniques.

The V — pur decay width vanishes at leading order.

The p — wave decays are far from the reach of forthcoming

experiments.

Radiative decays of s-wave quarkonia are induced with branching

ratios even larger than the p-wave non-radiative decays in the case of

bb.

All the calculated BR's induced by the Hut coupling are smaller than

the upper experimental limits.

@ The most interesting process is 7 — ufy(980) and deserves a closer
look.
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conclusions

Nature of the Hut coupling?

GRACIAS
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