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Introduction Top pair events with a J/ψ Soft QCD modeling Top quark mass measurement Prospects at
√

s = 13
√

s = 13
√

s = 13 TeV

Motivation Fundamental idea

Top quark mass measurements at Run I
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   Ref.s    syst) ±bJSF ⊕JSF⊕ tot. (stat± topm

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 
CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 

CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 
LHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 
World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 
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CMS, all jets 8 TeV  [11] 0.80)± 0.89 (0.37 ±172.08 
CMS comb. (Sep 2014) 7+8 TeV  [11] 0.64)± 0.65 (0.14 ±172.38 

 = 7-8 TeV   TOPLHCWGs summary, topATLAS+CMS Preliminary m
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Reconstructing all the top quark
decay products:

I total uncertainty dominated by
systematic uncertainties

I strongly correlated between
decay channels, methods, and
experiments

I mostly due to b-jet energy
scale, color reconnection,
and ISR

I need of “alternative” measurement
methods
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Leptonic final states with b→→→ J/ψ+/ψ+/ψ+ X→ µ+µ−+→ µ+µ−+→ µ+µ−+ X

t̄̄t̄t
b̄̄b̄b

W−−−j/`−j/`−j/`−

j/ν̄j/ν̄j/ν̄

t

b

W+++

ννν

µ+ (e+)µ+ (e+)µ+ (e+)

B±±±///B000
(s)///b baryon

J/ψ/ψ/ψ

µ+µ+µ+

µ−µ−µ−
I Based on the correlation between Mt

and the invariant mass of the J/ψ + `/ψ + `/ψ + `
combination
CERN/LHCC92-3 (1992) 90,CERN/LHCC92-3 (1992) 90, PLB476(2000)73,PLB476(2000)73,

ATL-PHYS-2001-016,ATL-PHYS-2001-016, CMS-NOTE-2006-058CMS-NOTE-2006-058

I Systematic uncertainty expected to
be weakly affected by jet energy
scale, not affected by b-tagging, but
sensitive to soft QCD modeling

ETmiss = 57.1 GeV
       φ = -1.75

Muon
pT = 44.7 GeV
Tη = 0.27
Tφ = 2.96

Jet
pT = 26.6 GeV
Tη = -1.54
Tφ = -1.48

Jet
pT = 43.5 GeV
Tη = 1.19
Tφ = -0.49

Jet
pT = 83.8 GeV
Tη = -0.09
Tφ = 0.94

Jet
pT = 37.8 GeV
Tη = 0.84
Tφ = 2.16

J/ψ
TM = 3.12 GeV
pT = 32.4 GeV

I Branching ratio: BR(t̄t→ (W+b)(W−b̄)→ (¯̀ν` J/ψ X)(qq′b̄))∼ 0.55%
only J/ψ→ µ+µ− and ` ∈ {e,µ}: BR ∼ 2.1 ·10−4BR ∼ 2.1 ·10−4BR ∼ 2.1 ·10−4

↪→ 111st time that this method is used: 8 TeV data
I 19.7 fb−1 with CMS: CMS-PAS-TOP-13-007, arXiv:1603.06536[hep-ex], CMS-PAS-TOP-15-014CMS-PAS-TOP-13-007, arXiv:1603.06536[hep-ex], CMS-PAS-TOP-15-014
I 20.3 fb−1 with ATLAS: ATLAS-CONF-2015-040ATLAS-CONF-2015-040
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Event selection J/ψ(+`) properties

Selection criteria

Semileptonic t̄t events with a J/ψ/ψ/ψ Dileptonic t̄t events with a J/ψ/ψ/ψ

jet b
jet b

µµµ

µµµJ/ψ/ψ/ψ

ννν µ/µ/µ/e

jet jet

/ET/ET/ET

jet b jet b
J/ψ/ψ/ψ

µµµ
µµµ

µ/µ/µ/e

µ/µ/µ/e

ννν

ννν

/ET/ET/ET

I exactly 1 isolated `±

I ≥ 4≥ 4≥ 4 jets with pppT > 25> 25> 25 GeV (ATLAS)
or≥ 2≥ 2≥ 2 jets with pppT > 40> 40> 40 GeV (CMS)

I exactly 2 isolated `± of opposite sign

I ≥ 1≥ 1≥ 1 jets with pppT > 25> 25> 25 GeV (ATLAS)
or≥ 2≥ 2≥ 2 jets with pppT > 40> 40> 40 GeV (CMS)

I exactly 1 J/ψ→ µ+µ− candidate
for ATLAS for CMS

I pT(µ±) > 3 GeV, |η|< 2.5

I IP⊥, IP‖ < 3 mm

I M(J/ψ) ∈ [2.9;3.3] GeV

I pT(µ±) > 4 GeV, |η|< 2.4,
in the same jet

I vertex fit with a Kalman filter: χ2 < 5χ2 < 5χ2 < 5

I cτ/∆cτ > 20

I M(J/ψ) ∈ [3.0;3.2] GeV
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Event selection J/ψ(+`) properties

Event yields
I MC samples normalized at the integrated luminosity and

their theoretical cross section

I t̄t samples produced for Mt = 172.5 GeV

for ATLAS: with POWHEG (CT10) + PYTHIA 6 (P2011C) + EVTGEN + TAUOLA

for CMS: with MADGRAPH (CTEQ6L1) + PYTHIA 6 (Z2∗) + TAUOLA

Process
Number of events

ATLAS CMS
t̄t 520±23 548±6
single top 24±5 70±5
Z + jets 22.7±4.8 10.8±1.3
W + jets 22.6±4.7 30.4±4.2
Diboson 1.2±1.0 2.3±0.3
Total expected 609±25 662±9
Data 625 666

E
ve

nt
s

1

10

210

310

Data

tt

Single top

Background

Uncertainties

 (8 TeV)-119.7 fbPreliminaryCMS 

 + Jetsµ  + Jetsµµ e + Jetsµ e + Jets ee + Jets  + Jetsµe

D
at

a 
/ M

C

0

0.5
1

1.5

2

 + Jets channelµ/eµµ/ee/µe/

E. Bouvier (IPNL), F. Derue (LPNHE) 4 of 17

Measurement of the top quark mass in t̄t events with a J/ψ/ψ/ψ May 19, 2016



Introduction Top pair events with a J/ψ Soft QCD modeling Top quark mass measurement Prospects at
√

s = 13
√

s = 13
√

s = 13 TeV

Event selection J/ψ(+`) properties

J/ψ/ψ/ψ properties
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Hadronization modeling Fragmentation parameters

Hadronization modeling

I Charged leptons better reconstructed and less affected by pileup
↪→ use of J/ψ→ µ+µ− to probe b quark hadronization modeling

I Comparison between the cluster model (HERWIG) and
the Lund string model (PYTHIA)
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Hadronization modeling Fragmentation parameters

Fragmentation parameters
I arXiv:1603.06536[hep-ex]arXiv:1603.06536[hep-ex] uses a different strategy for J/ψ→ µ+µ−

reconstruction in t̄t events
↪→ signal isolated from combinatorial background using sPlot weights

8 3 Examining b quark fragmentation in the data

an additional soft pion is emitted in the D⇤(2010)+ ! D0 decay. The D0 mesons are recon-267

structed among the three leading tracks as described in the previous paragraph, and selected268

in a mass window of 50 MeV around the nominal D0 mass. A third track of the same charge as269

the p candidate from the D0 decay is then added, and the mass difference is fitted in a range of270

140–170 MeV, as shown in Fig. 3. The D⇤(2010)+ invariant mass shape is modeled using a sum271

of two Gaussian functions for the resonant signal and a threshold function for the combinato-272

rial backgrounds.273

The position of the fitted invariant mass peaks—reconstructed purely in the silicon tracker—274

agree with the expected meson rest masses within about 0.05% for the D0 and D⇤(2010)+, in-275

dicating that the pion and kaon momentum scales are very well described. The observed J/y276

meson mass, reconstructed using muons, agrees with the expectation [57] within about 0.3%,277

well within the muon momentum scale uncertainty.278
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Figure 3: Fits to the invariant mass peaks of the three considered charm mesons in tt events in
the data, as described in the text: J/y (left), D0 (middle), and D⇤(2010)+ (right).

The fitted signal and background distributions are then used to extract kinematic properties of279

the reconstructed mesons using the sP lot technique [58], where a discriminating observable (in280

this case the invariant mass of the candidates) is used to separate the signal and background281

contributions to the distribution of an observable of interest. The same method is applied to282

simulated events with different generator tunes and a range of different b quark fragmenta-283

tion functions, and the results are compared with data. Among several investigated kinematic284

properties of the charm meson candidates, the fraction of transverse momentum relative to the285

charged component of the jet momentum shows the highest sensitivity to variations in the b286

quark fragmentation shape. The results are displayed in Fig. 4.287

The reconstructed mesons are observed to carry about 50–60% of the overall charged jet mo-288

mentum. These results are in good agreement with the predictions obtained from simulated289

tt events for the central fragmentation function choice and corresponding variations. The con-290

clusions from the study of secondary vertex properties in the previous section are confirmed291

by the charm meson properties, with the Z2* LEP rb fragmentation showing better agreement292

with the data than the nominal Z2* shape, albeit with a large statistical uncertainty.293

The numbers of meson candidates observed in the data are reproduced within about 10% when294

PYTHIA 6 with the Z2* tune is used in the parton shower and hadronization, whereas HER-295

WIG 6 [59] with the AUET2 tune [60] underestimates both the D⇤(2010)+ and J/y yields by296

more than 50% and overestimates D0 production by about 30%.297
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Figure 4: Distribution of the relative transverse momentum of J/y (left), D0 (middle), and
D⇤(2010)+ (right) meson candidates with respect to the charged components of the jet in tt
events for the data and the nominal Z2* LEP rb fragmentation function. The top panels show
the average of the distributions observed in the data and its statistical uncertainty (shaded
area), as well as expectations obtained with different b quark fragmentation functions and with
an alternative generator setup using HERWIG 6 with the AUET2 tune.

4 Top quark mass measurement298

Observables that are dependent on the top quark mass are constructed using the kinematic299

properties of the decay products of the top quark. The choice of observable is a compromise300

between sensitivity to the mass on the one hand and susceptibility to systematic uncertainties301

in the other hand. The most precise measurements to date have approached this trade-off by302

fully reconstructing the top quark from three jets in hadronic decays, heavily relying on precise303

calibrations of the reconstructed jet energies. In the analysis presented here, an orthogonal ap-304

proach is used that sacrifices some sensitivity to minimize the reliance on detector calibrations.305

This exposes the result to uncertainties in the modeling of top quark decays and b hadroni-306

zation, but has reduced experimental uncertainties. The analysis will therefore immediately307

benefit from a future improvement of our understanding of these effects.308

4.1 Observable and measurement strategy309

The observable exploited in this analysis is built from the measured properties of the charged310

lepton from the W boson decay and the charged constituents of a hadronic jet compatible with311

originating from a common secondary vertex. The invariant mass of the lepton-secondary312

vertex system (msvl) then serves as a proxy for the top quark mass. The msvl variable shows313

a strong dependence on the mass of the top quark despite not accounting for the neutrino314

from the W boson decay or from semileptonic b hadron decays, nor for neutral products of the315

b quark hadronization. Using only charged particles and well-modeled leptons reduces the316

main experimental uncertainties to acceptance effects.317

For each selected event, all possible combinations of leptons and secondary vertices—up to318

four per event—are taken into account in the measurement. Hence, by construction, the same319

number of correct and wrong combinations (i.e. pairing the lepton with the vertex emanating320

from the other top quark decay) enter the analysis. In simulation, in about 11% of cases the321

selected vertex could not be associated with the decay products of either b quarks and is most322

likely spurious, either from a light quark from a hadronic W boson decay, or from a gluon or323

light quark from initial-state radiation.324

Figure 5 shows the observed lepton-vertex invariant mass distribution for a combination of all325

five channels, compared to simulated distributions at three different generated top quark mass326
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Figure 4: Distribution of the relative transverse momentum of J/y (left), D0 (middle), and
D⇤(2010)+ (right) meson candidates with respect to the charged components of the jet in tt
events for the data and the nominal Z2* LEP rb fragmentation function. The top panels show
the average of the distributions observed in the data and its statistical uncertainty (shaded
area), as well as expectations obtained with different b quark fragmentation functions and with
an alternative generator setup using HERWIG 6 with the AUET2 tune.

4 Top quark mass measurement298

Observables that are dependent on the top quark mass are constructed using the kinematic299

properties of the decay products of the top quark. The choice of observable is a compromise300

between sensitivity to the mass on the one hand and susceptibility to systematic uncertainties301

in the other hand. The most precise measurements to date have approached this trade-off by302

fully reconstructing the top quark from three jets in hadronic decays, heavily relying on precise303

calibrations of the reconstructed jet energies. In the analysis presented here, an orthogonal ap-304

proach is used that sacrifices some sensitivity to minimize the reliance on detector calibrations.305

This exposes the result to uncertainties in the modeling of top quark decays and b hadroni-306

zation, but has reduced experimental uncertainties. The analysis will therefore immediately307

benefit from a future improvement of our understanding of these effects.308

4.1 Observable and measurement strategy309

The observable exploited in this analysis is built from the measured properties of the charged310

lepton from the W boson decay and the charged constituents of a hadronic jet compatible with311

originating from a common secondary vertex. The invariant mass of the lepton-secondary312

vertex system (msvl) then serves as a proxy for the top quark mass. The msvl variable shows313

a strong dependence on the mass of the top quark despite not accounting for the neutrino314

from the W boson decay or from semileptonic b hadron decays, nor for neutral products of the315

b quark hadronization. Using only charged particles and well-modeled leptons reduces the316

main experimental uncertainties to acceptance effects.317

For each selected event, all possible combinations of leptons and secondary vertices—up to318

four per event—are taken into account in the measurement. Hence, by construction, the same319

number of correct and wrong combinations (i.e. pairing the lepton with the vertex emanating320

from the other top quark decay) enter the analysis. In simulation, in about 11% of cases the321

selected vertex could not be associated with the decay products of either b quarks and is most322

likely spurious, either from a light quark from a hadronic W boson decay, or from a gluon or323

light quark from initial-state radiation.324

Figure 5 shows the observed lepton-vertex invariant mass distribution for a combination of all325

five channels, compared to simulated distributions at three different generated top quark mass326

I Bigger differences between fragmentation parameter sets than between
hadronization models

I Not enough data at
√

s = 8 TeV to rule out a set
↪→ other charmed mesons (D±, D∗, D0,. . . ) could also be used
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Introduction Top pair events with a J/ψ Soft QCD modeling Top quark mass measurement Prospects at
√

s = 13
√

s = 13
√

s = 13 TeV

Method Systematic uncertainties Results at
√

s = 8 TeV

Fit procedure
I Summing all events:

I distributions for J/ψ + e or J/ψ + µ final states
reasonably well described by the MC, no
significative differences between the channels

I “wrong” pairings less sensitive to Mt, but still
maintaining a correlation to Mt

I Six MJ/ψ+` distributions, for Mt ∈ {166.5;169.5;171.5;173.5;175.5;178.5} GeV :
all processes are summed up after normalization at their respective cross-section

↪→ background processes: same MJ/ψ+` distribution ∀Mt
↪→ signal processes (= t̄t + single-top): different MJ/ψ+` distribution for each Mt

I Simultaneous fit of the six MJ/ψ+` distributions between 0 and 250 GeV with the
following PDF:

Psig+bg(MJ/ψ+`) =α
1

σg
√

2π
exp

(
−

(MJ/ψ+`−µg)2

2σg
2

)

+ (1−α)
βγ
−γγ

Γ(γγ)
(MJ/ψ+`−µγ)γγ−1 exp

(
−

MJ/ψ+`−µγ

βγ

)
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PDF parameterization
Parameters showing the strongest dependence on MMM t
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Introduction Top pair events with a J/ψ Soft QCD modeling Top quark mass measurement Prospects at
√

s = 13
√

s = 13
√

s = 13 TeV

Method Systematic uncertainties Results at
√

s = 8 TeV

Change of fragmentation baseline

I Z2∗ not optimized for fragmentation modeling:
I Z2∗ rbLEP family: a tune (±1σ) of Z2∗

including the measurment of xB at LEP by
varying only the b quark fragmentation
description

I Perugia12 family: alternative tunes by varying
the fragmentation description for all flavors

I Measuring Mt for each tune

I Difference between P12FT and P12FL ∼
difference between Z2∗ rbLEP soft and hard

I −0.71 GeV−0.71 GeV−0.71 GeV to the MMM t value obtained to use
Z2∗ rbLEP as baseline

I ±0.30±0.30±0.30 GeV as systematic uncertainty
stemming from fragmentation modeling
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Introduction Top pair events with a J/ψ Soft QCD modeling Top quark mass measurement Prospects at
√

s = 13
√

s = 13
√

s = 13 TeV

Method Systematic uncertainties Results at
√

s = 8 TeV

Statistical uncertainty and Monte Carlo statistics

I 3000 pseudo-experiments of
Nevt = Poisson(NNNdata) generated
from PPPsig+bg|||MMM t then fitted with
PPPsig+bg for several Mgen

t values

I Width and mean of the residual
distributions represented as a
function Mgen

t

⇓⇓⇓
I Expected statistical uncertainty:

2.92.92.9 GeV

I Uncertainty stemming from MC
statistics: 0.220.220.22 GeV
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Introduction Top pair events with a J/ψ Soft QCD modeling Top quark mass measurement Prospects at
√

s = 13
√

s = 13
√

s = 13 TeV

Method Systematic uncertainties Results at
√

s = 8 TeV

Experimental uncertainties

I Monte Carlo statistics X

I Muon momentum scale

I Electron momentum scale

I Modeling of the J/ψ candidate

mass distribution

I Jet energy scale

I Jet energy resolution

I Trigger efficiencies

I Background normalization

I Pileup
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Introduction Top pair events with a J/ψ Soft QCD modeling Top quark mass measurement Prospects at
√

s = 13
√

s = 13
√

s = 13 TeV

Method Systematic uncertainties Results at
√

s = 8 TeV

Theoretical uncertainties

Modeling of perturbative QCD

I Matrix-element generator
I top-quark pT modeling
I Renormalization and factorization

scale
I ME-PS matching threshold
I Parton density function

Modeling of non-perturbative QCD

I b fragmentation X
I Underlying event
I Color reconnection

Simulation of a proton-proton collision, including the
modeling of:

I the initial partons,
I the hard process,
I the underlying event,
I radiations,
I the hadronization.
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Introduction Top pair events with a J/ψ Soft QCD modeling Top quark mass measurement Prospects at
√

s = 13
√

s = 13
√

s = 13 TeV

Method Systematic uncertainties Results at
√

s = 8 TeV

Summary
Source Value (GeV)

Experimental uncertainties
Monte Carlo statistics ±0.22±0.22±0.22
Muon momentum scale ±0.09
Electron momentum scale ±0.11
Modeling of the J/ψ candidate mass distribution +0.09
Jet energy scale < 0.01
Jet energy resolution < 0.01
Trigger efficiencies ±0.02
Background normalization ±0.01
Pileup ±0.08

Theoretical uncertainties
ME generator −0.37
Renormalization scale {+0.12

−0.46
ME-PS matching threshold {+0.12

−0.58{+0.12
−0.58{+0.12
−0.58

top quark transverse momentum +0.64+0.64+0.64
b fragmentation ±0.30
Underlying event ±0.13
Color reconnection modeling +0.12
Parton density functions {+0.39

−0.11
Total {+0.89

−0.94
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Introduction Top pair events with a J/ψ Soft QCD modeling Top quark mass measurement Prospects at
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Method Systematic uncertainties Results at
√
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Results at
√

s = 8
√

s = 8
√

s = 8 TeV
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Introduction Top pair events with a J/ψ Soft QCD modeling Top quark mass measurement Prospects at
√

s = 13
√

s = 13
√

s = 13 TeV

Prospects at
√

s = 13
√

s = 13
√

s = 13 TeV

I final state with 3 leptons: trigger and selection efficiencies expected to

be less affected by pileup increase

I soft QCD modeling: contribution to fragmentation tuning ?

I top quark mass measurement:
I weakly sensitive to JES and JER

↪→ JES and JER uncertainties hard to reduce with pileup increase
I expecting a decrease of some theoretical uncertainties:

I NLO Monte Carlo generators
I fragmentation tuning ?

I expected to be competitive with other techniques for a statistical
uncertainty ∼ 1 GeV

I increase of the t̄t cross section by ∼ 3.3
I L ∼ 55 fb−1L ∼ 55 fb−1L ∼ 55 fb−1 expected in 2017
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BackupBackup
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Lund string model
Between 2 colored objects, there is asymptotic freedom at short distances
but a linear potential at long distances:

I color field lines compressed into a tube-like region
I linear confinement with a string tension ∼ 1 GeV · fm−1

I Lorentz invariance, causality, left-right symmetry

Lund fragmentation function:

f (z) ∝
1
z
(1− z)a exp

(
−bm2

⊥
z

)
Bowler extension for heavy quarks:

f heavy(z) ∝
f (z)

zr ·bm2
⊥

↪→ a,b, r tunable parameters
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Cluster model
Following the color structure of the parton shower:

I color-singlet pairs (=clusters) end up close in phase space, with a mass
of order of the parton shower cutt-off Q0

I gluons can be non-perturbatively split into quark-antiquark pairs:

Color-singlet clusters are projected onto the continuum of high-mass mesonic
resonances, which further decay to lighter well-known resonances and stable
hadrons using a pure 2-body phase-space decay and phase space weight:

W ∝ (2s1 +1)(2s2 +1)
2p∗

m
I hadron-level properties fully determined

by the parton shower
I suppression of heavier hadrons,

including baryons and strange hadrons
I crucial role of Q0

q

q̄

e−e−e−

e+e+e+

Z000/γ/γ/γ
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Tunes of the Lund-Bowler fragmentation function parameters

Comparing Z2∗ with two families of tunes:

I Z2∗ rbLEP and its hard and soft
variations :
a tune (±1σ) of Z2∗ including the
measurement of xB at LEP
↪→ varying, for b quarks only, the r
parameter in the Bowler extension of
the fragmentation function

I P12, P12FL, P12FT:
variations of the fragmentation
process so that it is harder in the
longitudinal or transverse direction
↪→ varying, for all quarks, the a and b
parameters of the Lund
fragmentation function

using the shape of the B hadron pT at
generator level relative to the jet one:
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Reconstructing D000→ κ±π∓→ κ±π∓→ κ±π∓ within t̄t events

Studying jets with µ± and D0→ κ±π∓

↪→ B± proxy

I using the sPlot technique to separate signal from
backgrounds NIM A555(2005)NIM A555(2005)

I R2≡ ∑
2
1 ptrack, no µ
∑ptrack

alike pT (D0)/pT (jet)
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⇒Would need to reconstruct J/ψ and D0, using L ∼ 150 fb−1 at
√

s = 13 TeV
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Fit of the J/ψ→ µ+µ−/ψ→ µ+µ−/ψ→ µ+µ− vertex with a Kalman filter
CERN-2005-002.411CERN-2005-002.411
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+ covariance matrix
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“Good” vs “wrong” pairings
I statistically, when combining an isolated lepton and a J/ψ in a semileptonic t̄t

events, a 50% chance that they come from the same top quark
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J/ψ+/ψ+/ψ+ e vs J/ψ + µ/ψ + µ/ψ + µ
I peak position different but as much correlated to MMM t
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Use of dedicated t̄t samples

Problem peculiar to this measurement

I need of ∼ 2000000 t̄t events with a J/ψ→ µ+µ− per Mt value

I because of the very low BR(b→ J/ψ + X→ µ+µ−+ X), simulation of the
detector response for the corresponding inclusive t̄t samples unreasonable

Solution brought by the collaboration

I hadronizing with PYTHIA 6 existing LHE events produced with MADGRAPH,
using an iterative filter made of 2 steps:

1. matrix element – parton shower matching
2. identification of a J/ψ→ µ+µ− among the particles produced during the

hadronization

I same number of iterations for each event
↪→ optimized regarding CPU considerations

I assigning a weight per event reflecting the filter history

I simulating the detector response only for t̄t events with a J/ψ→ µ+µ−
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A key variable
The electroweak fit

and indirect measurement of MMMW

EPJC 74(2014)3046EPJC 74(2014)3046

The electroweak vacuum stability
JHEP 1208(2012)098JHEP 1208(2012)098

Rare decays such as Bs→ µ+µ−→ µ+µ−→ µ+µ−

�
W−

t ν

W+

s̄

b

µ+

µ−

�W± t̄

Z0/γt

s̄

b

µ+

µ−

�t W−

Z0/γW+

s

b̄

µ+

µ−
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The Higgs mechanism

SU(2)W doublet : φ(x)≡
(

φ(+)(x)

φ(0)(x)

)

V(φ) = µ2
φ

†
φ + λ(φ

†
φ)2,

λ > 0 et µ2 < 0

φ(x) =
1√
2

(
0√

−µ2

λ
+ H(x)

)

LY =−
Ng

∑
j,k=1

((
ūj , d̄j

)
L

[
c(d)

jk

(
φ(+)

φ(0)

)
dkR + c(u)

jk

(
φ(0)∗

−φ(−)

)
ukR

]

+
(
ν̄j , ¯̀j

)
c(`)

jk

(
φ(+)

φ(0)

)
`kR

)
+ c. h.

symmetry breaking

LY =

(
1 + H

√
λ

−µ2

)(
d̄′L Md’ d’R + ū′L Mu’ u’R + ¯̀′

L M`′ `
′
R + c. h.

)
I mass eigenvectors ∝ v =

√
−µ2/λ

I mixing of the flavor eigenstates: the
Cabibbo-Kobayashi-Maskawa matrix
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From the Lagrangien parameters to the observables

mq mass:

Lagrangien parameter

1. Field quantification

2. Gauge fixing
→ Feynman rules

�

p
=

i

/p−mq

3. Regularization
→ loop integrals

�
p p + l

l

p

4. Renormalization
→ series of perturbative corrections

⇒ As many mass definitions as
renormalization schemes

Pole mass:
real part of the propagator singularity for
each order of the perturbative theory

I invariant mass of a free particle
I ∆∼ 200 MeV/c2

MS, PS, MSR. . . masses:

I short-distance masses

I convenient to parameterize the Yukawa
coupling to the Higgs boson

Monte Carlo generator definition:

I interpretation depends on how much MC
simulations are based on QCD

I MMC
t −Mpole

t = 0.05+0.31
−0.62 ±0.50 GeV

PoS LL2014:054 (2014)PoS LL2014:054 (2014)
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