Tau lepton couplings to the Z and Higgs
bosons

Wolfgang Lohmann,
BTU, CERN, DESY and RWTH



The T lepton was discovered in SLAC in 1975 (Nobel prize for Martin Perl in

1995)

appearance of events with an
electron and a muon in the final
state

ete” - T 1T
T — nuvv
T

Y5 e'vwy
It is the heaviest lepton we know

Mass : 1777 MeV

Lifetime: 290.6 fs (87 um)
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CMS/ Couplings to the neutral current

The SU(2), @ U(1) gauge invariance determines the structure of the
weak neutral current as:

/

and the vector- and axial-vector coupling vf and ar

ar=Tj

with T the third component of the weak isospin, ( the electric charge

and sin?6,, the weak mixing angle, a free parameter of the theory
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neutral current coupling
measurements in e"e” annihilations
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Measurements at LEP and SLD
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Measurements at LEP and SLD

Assuming (V-A}
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Measurements at LEP and SLD
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Measurements at LEP and SLD
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sin?8,, contains some weak
higher order corrections, hence
it is called the effective mixing
angle from lepton observables
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Measurements at LEP and SLD
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Measurements at LHC

At LHC the luminosity is 102 times larger

However: e The Z is produced in q q annihilations
® the Zis not at rest in the centre-of-mass system (or lab system)

® Pile up of many interactions
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The Z tends to be boosted in the direction of the valence quark q

For the Z production from sea quarks either a correction to Az is derived using MC simulations,
or the measured value of Az is compared to Monte Carlo templates including the sea quark
contribution

Axial and vector couplings of quarks and leptons in F,(s) and F(s) !
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Currently best result at a hadron collider (LHCb):
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Flavour changing neutral current

o Lepton flavor is conserved in the standard model, however
there is no underlying symmetry, and it does not hold for
Z neutrinos
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Tau Polarisation at LHC
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since  P_= __2

Fy

= the quark couplings cancel out at the Z pole

Away from the Z pole u and d type quarks give slightly different contributions, and
vZ interference matters
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Tau Leptons at LHC

Signatures of T pairs in an event:

Two electrons

Two muons

One electron and one muon
One electron/muon and a low
multiplicity hadronic jet

® Two low multiplicity hadronic jets

In all cases missing transverse
momentum
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Tau Polarisation in T = a,v

Analysis ofthe T — a,v decay

Branching fraction 9.8 %
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Events with one u and a three prong

jet

Three pion vertex (SV) separated

from the primary vertex (PV)—

T direction

Calculate Tt momentum
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Solve the ambiguity (partially)
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Tau Polarisation in T = a,v

Comparison between data and simulated event samples
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Tau Polarisation in 7 - a,v
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This is the polarisation averaged over
the Z resonance shape!
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sin’8,, = 0.2326 + 0.0096

Measured with only small impact of
the quark couplings



Tau Polarisation in T — pv

IT
Lh

Branching fraction 26 % 5 020
S 048 Z - T, pT(thad) > 20.0 GeV _:
. [ - -
decay. . . L . @© 016 Z - 1, p (7, > 20.0 GeV _
T >p vomrn nlv ]
0.14 -
Observable: .\ 0.12 E
E(r ™) — E(mY 0.10 =
Ve + ]
E(m ™) + E(nY) 0.08 E
0.06 =
L10° 1T, 2.3 (2015, 13 TeV) 0.04 -
@ T E
c CMS CZ — 1 ] 0.02 .
o Preliminary 1z = "L‘i - .
o 12 mmzon Yo]) == AR BRI B N .
] S b VRO boson 1.0 -0.5 0.0 0.5 .
038 E y
0.6 =
04 -
0.2p = !
oo 3 Results in progress
o 1.4 )
1.2
< 1.0 [liemeannrbreims s gerrirss e gt ;'*_"l
8 os
O 06

-1.0 -0.5 0.0 0.5 1.0

—
o



Couplings to the Higgs boson

Couplings to gauge bosons
and quarks manifest in the
production cross section

SI(S+B) weighted events / GeV

The Yukawa coupling to the

tau-lepton is measured in .
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Couplings to the Higgs boson
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Lepton flavor violation Z boson decays

® number of Z bosons larger than at LEP
® challenge: precise estimate of background processes

Best limits so far:

BR(Z — ep)? =7.3-1077
BR(Z — e7)’> = 9.8-107F
BR(Z — pr)* =12-107°




Lepton flavor violation in Higgs boson decays
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S/(S+B) Weighted Events / 20 GeV

Data-Bkad (fit)

Lepton flavor violation in Higgs boson decays
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Higgs boson spin and parity

Spin 0 and parity + of the Higgs boson is preferred
(derived from H— yy and H— ZZ decays
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Couplings to the Higgs boson

Ly=—g. (COSp,TT + Sin g, TiysT) h

¢t Is the mixing angle between a CP + and CP - state

It can be accessed from the
distribution of the angle between the

two T decay planes ®p, or, without
loss of sensitivity, by the angle of the
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Sensitivity of the method

With the current luminosity
the signal is too small,

But:

Events

- Luminosity is growing
now > 100 fb1

- Analysis method has
room for improvements

- Fine tuning of the
tracking/vertexing
needed
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Sensitivity of the method

Defining a likelihood function:
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it is estimated at which
luminosity we expect
sufficient data to obtain
sensitivity for ¢t

CP-mixing-angle ¢t

At the end of the current run

of LHC some range of ¢
we may expect to exclude

However: improvements are
possible
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Other Methods

Production | Cross section/
process pb
ggH 43.92 H > TT decay !
ggH + 2 jets 3.98
VBF 3.75
(a) ggH (b) ggH + 2 jets
Extended Lagrangian
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CP sensitive quantites, obtained from MELA (Matrix
Element Likelihood Algorithm)
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Other Methods
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Other methods

CP test in the production, using a CP odd (-) quantity and calculating its average value
For the vector boson fusion Higgs production the matrix element is extended:

M= Mgy + g - Mcp-odd

Additional couplings HZZ, HWW, HWA
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Summary

T leptons open unique, interesting ut challenging new fields of physics at
the LHC

®* Measurerment of the polarization in Z decays promises high precision
measurements of sin?8,, solely from T couplings

® Test of lepton universality in the neutral current

®* Yukawa couplings to the Higgs boson

® CP mixing in H— T T final states

® Lepton flavor violation

Currently these studies are in most cases still limited by statistics. However, with growing
luminosity very interesting and surprising results may appear.
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