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Particle Physics

Goal : Study the fundamental particle properties and its interactions

In the last century, a successful theory was developed, called the Standard 
Model

It is based on the marriage of quantum mechanics and special relativity. It 
has some basic ingredients :  Locality, Lorentz and Gauge Invariance and 
Renormalizability.

These principles enable the existence of fundamental particles of spin zero, 
1/2 (Dirac or Majorana), one (gauge bosons), 3/2 and two.

A fundamental particle of spin two is associated with gravity (GR).

We just got evidence of the possible existence of a particle of spino zero, 
which is required in this model.   

This is an incredible intellectual success, which has led to the understanding 
of all processes observed in nature.  



Present of Particle Physics
All Standard Model interactions may be written in a few basic lines. 

No mass scale appears, apart from one in the scalar potential

Renormalizability implies the absence of higher order interactions

This is the starting point of our activities.  We want to understand if this is correct.   

There are two aspects to this line of research.  First understanding if with the 
particles we know this is the proper description.  Are there deviations associated 
with a new physics scale ?

Second, we want to see if there are new particles or new forces we don’t know.  

After all, we want to investigate if the mass scale in the potential has a dynamical 
origin. If it does, it is natural that is associated with physics at the TeV scale.   
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Standard Model Particles

There are 12 fundamental gauge fields:

8 gluons, 3 Wµ’s and Bµ

and 3 gauge couplings g1, g2, g3

The matter fields:

3 families of quarks and leptons with same

quantum numbers under gauge groups

But very di�erent masses!

m3/m2 and m2/m1 � a few tens or hundreds

me = 0.5 10�3 GeV,
mµ

me
� 200, m�

mµ
� 20

Largest hierarchies

mt � 175 GeV mt/me ⇥ 105

neutrino masses smaller than as 10�9

GeV!

Lectures on Supersymmetry Carlos E.M. Wagner, Argonne and EFI

Only left handed fermions transform under the weak SM gauge group
SU(3)� SU(2)L � U(1)Y

Fermion and gauge boson masses forbidden by symmetry
Friday, November 2, 2012



Historical Perspective

Higgs Mechanism was proposed back in 1964 by several 
authors, including Higgs

It was implmented by Weinberg in 1967

A scalar boson, the Higgs particles, was predicted 
associated with this mechanism

What were the prospects of its discovery in the late 60’s ?
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A Phenomenological Profile of the Higgs Boson
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It is relatively strongly coupled to those particles which had not been 
discovered at that time

Indeed, the W mass, the Z mass and the top quark masses are all of the 
order of 100 times the proton mass

Some of the authors soon realized that these could be used to produce 
Higgs bosons

It is in processes mediated by these particles that we have searched 
for, and eventually found the Higgs boson !  

But the Higgs is not weakly coupled to all 
fundamental particles !

Friday, November 2, 2012



Tests of the Standard Model

Understanding the Properties of Fundamental Particles



Weak Gauge Bosons 
Properties at the LHC
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Figure 3: Measured and predicted W versus Z boson (left column) and W+ versus W� bo-
son (right column) production cross sections times branching fractions. The ellipses illustrate
the 68% CL coverage for total uncertainties (open) and excluding the luminosity uncertainty
(filled). The top row shows the inclusive cross sections times branching fractions and the bot-
tom row shows the results within the fiducial regions. The uncertainties in the theoretical
predictions correspond to the PDF uncertainty components only and are evaluated for MSTW
2008 NLO [42], NNPDF 2.3 [46], and CT10 [47].
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simulation-based fitting functions [11]. The EW contributions are normalized to the W signal
yield in the fit through the ratios of the theoretical cross sections. Figure 1 shows the Emiss

T
distributions of the inclusive W boson samples and the results of the fit.

To extract the Z boson yield, the events in the dilepton mass window are counted. The yields
contain a contribution of 3% from g⇤-mediated processes, including interference effects, as
estimated with MCFM [32]. Background contamination is estimated from simulation to be about
0.4%. Figure 2 shows the dilepton mass distributions of the inclusive Z samples. The signal
yields, the acceptances, and the efficiencies are summarized in Appendix A.
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Figure 1: The missing transverse energy distributions for W boson candidate events in the
electron (left) and muon (right) final states. The variable c shown in the lower plot is defined
as (Nobs � Nexp)/

p
Nobs, where Nobs is the number of observed events and Nexp is the total of

the fitted signal and background yields.

The systematic uncertainties are summarized in Table 1 for the electron and muon channels.
The methods used to extract the systematic uncertainties for the acceptance, efficiency, and
signal extraction follow closely the W and Z boson cross section measurements performed atp

s = 7 TeV [11]. The leading experimental uncertainty comes from the measurement of the lep-
ton reconstruction and identification efficiency. Other uncertainties come from the integrated
luminosity of the data sample and theoretical uncertainties, which are dominated by the PDF
uncertainties.

The luminosity of the data sample is measured with an uncertainty of 2.6% by counting the
number of clusters per event in the silicon pixel detector. The highly granular detector, consist-
ing of ⇠60 million channels, guarantees an excellent linearity of the pixel detector response ver-
sus pileup. The method is calibrated by means of a procedure pioneered by van der Meer [39],
consisting of beam scans along the vertical and horizontal directions. This van der Meer tech-
nique determines the luminosity at the percent level from a measurement of the beam pa-
rameters [40]. The dominant contribution to the luminosity uncertainty originates from the
assumptions on the functional form of the beam shapes.

The theoretical predictions of cross sections and cross section ratios are computed at NNLO
with the program FEWZ [41] and the MSTW2008 [42] set of PDFs. The uncertainties in these
predictions, at the 68% confidence level (CL), include contributions from the uncertainty of
the strong coupling constant as [43, 44], the choice of heavy-quark masses (charm and bottom
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Figure 2: The dilepton mass distributions for Z boson candidate events in the electron (left)
and muon (right) final states. The variable c shown in the lower plot is defined as (Nobs �
Nexp)/

p
Nobs, where Nobs is the number of observed events and Nexp is the total of the signal

and background yields.

Table 1: Systematic uncertainties in percent for the electron and muon channels; “—” means
that the source either does not apply or is negligible.

W+ W� W W+/W� Z W/Z
Sources e µ e µ e µ e µ e µ e µ
Lepton reconstruction & identification 2.8 1.0 2.5 0.9 2.5 1.0 3.8 1.2 2.8 1.1 3.8 1.5
Momentum scale & resolution 0.4 0.3 0.7 0.3 0.5 0.3 0.3 0.1 — — 0.5 0.3
Emiss

T scale & resolution 0.8 0.5 0.7 0.5 0.8 0.5 0.3 0.1 — — 0.8 0.5
Background subtraction / modeling 0.2 0.2 0.3 0.1 0.3 0.1 0.1 0.2 0.4 0.4 0.5 0.4
Total experimental 3.0 1.2 2.7 1.1 2.7 1.2 3.8 1.2 2.8 1.2 3.9 1.7
Theoretical uncertainty 2.1 2.0 2.6 2.5 2.7 2.2 1.5 1.4 2.6 1.9 2.0 2.5
Luminosity 2.6 2.6 2.6 2.6 2.6 2.6 — — 2.6 2.6 — —
Total 4.5 3.5 4.6 3.8 4.6 3.6 4.1 1.8 4.6 3.4 4.4 3.0

quarks) [45], as well as neglected higher-order corrections beyond NNLO, which are estimated
by allowing the renormalization and factorization scales to vary. The NNLO predictions for
the total cross sections times branching fractions are 7.12 ± 0.20 nb for W+, 5.06 ± 0.13 nb for
W�, and 1.13± 0.04 nb for Z boson production. The Z boson cross section requires an invariant
mass within the range 60 to 120 GeV, and it includes the effects of virtual photons.

The results in the electron and muon decay channels are compatible with a p-value of 0.42.
Assuming universality of lepton couplings to W and Z bosons, the channels are combined by
calculating an average cross section value weighted by their statistical and systematic uncer-
tainties, taking into account the correlated uncertainties. The two leptonic decay channels are
combined by assuming fully correlated uncertainties for the acceptance and luminosity, but
with other uncertainties assumed to be uncorrelated.

In measurements of the ratios of cross sections some systematic uncertainties cancel, most im-
portantly the uncertainty in the luminosity. The uncertainties in the lepton reconstruction and
identification are treated as uncorrelated and the resulting experimental uncertainty in the ratio
measurements can therefore be larger than for individual cross section measurements. A sum-
mary of the measurements is given in Table 2, including the results obtained within the fiducial

Inclusive W/Z at 8 TeV
•Special data set 
with low pile-up
• RW/Z = 
10.63±0.11(stat.)±0.25(syst.)
(FEWZ NNLO: 10.74±0.04)
• RW+/W- = 
1.39±0.01(stat.)±0.02(syst.)
(FEWZ NNLO: 1.41±0.01)
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World average

Tevatron + LEP combination:
arXiv:1307.7627

80200 80400 80600

Mass of the W Boson
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W boson mass measurement at the LHC - PDF (2/3)

I The u and d PDFs can be constrained
with W charge asymmetry measurements.

I The s PDF, that is relevant for W
production at the LHC, can be constrained
with W + c measurements.

Plots here:

I CMS W charge asymmetry (W ! µ⌫
channel, 7TeV, 4.7 fb-1, arXiv:1312.6283)

I CMS W + c(jet) (7TeV, 5.0 fb-1,
arXiv:1310.1138)

I ATLAS W +D/D⇤ and W + c(jet) (7TeV,

4.6 fb-1, arXiv:1402.6263)
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Results+

€ 

EW
m jj >250GeVσ = 54.7 ± 4.6 (stat)

+9.8
−10.4

(syst) ±1.5 (lumi) fb

EW
m jj >1TeVσ =10.7 ± 0.9 (stat) ±1.9 (syst) ± 0.3 (lumi) fb

•  Observed"EW"Zjj"produc@on"with"significance">"5σ"

• Measured"fiducial"cross"sec@ons"agree"with"SM"
predic@ons"of"46"f"±"1"and"9.4"+0.3/P0.4"f"

•  FiSed+number+of+EW+events+in+mjj+>+1+TeV+region+used+
to+set+limits+on+aTGCs+
– aTGC+parameters+varied+with+and+without+form+factor+
– Limits+determined+by+profile+likelihood+test+

11+

Sood



Measured+Cross+Sec3ons+

theo! / exp!Production Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminaryApr 2014

All results at:
http://cern.ch/go/pNj7

(NNLO th.), ""  0.09± 0.11 ±1.04 -15.0 fb
"W  0.06± 0.13 ±1.16 -15.0 fb
"Z  0.05± 0.05 ±0.98 -15.0 fb

WW+WZ  0.03± 0.20 ±1.05 -14.9 fb
WW  0.04± 0.11 ±1.11 -14.9 fb
WW  0.04± 0.12 ±1.22 -13.5 fb
WZ  0.03± 0.10 ±1.17 -14.9 fb
WZ  0.05± 0.08 ±1.12 -119.6 fb
ZZ  0.06± 0.15 ±0.99 -14.9 fb
ZZ  0.08± 0.10 ±1.00 -119.6 fb

7 TeV CMS measurement (exp+th) 

8 TeV CMS measurement (exp+th) 

CMS measurements
vs. NLO theory

Good+overall+agreement+with+SM+

Similar+results+seen+by+ATLAS+(summary+plot+in+extra+
slides).+

21+

Sood



The Top Quark



Inclusive tt cross section: summaryInclusive tt cross section summary
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Single-top production: summary
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single top-quark production

 tqb+X) [pb]Ap(pm
0 5

t-channel Single Top Quark Cross Section

-1+jets 2.3 fbµDØ    e/

-1MET+jets 2.1 fb

-1+jets 3.2 fbµe/CDF  
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 = 172.5 GeVtmPRD 74 114012 (2006)
N. Kidonakis

agreement 
with SM from 

2 to 8 TeV

2 7 8

t Channel ✓ ✓ ✓
tW Channel ✓ ✓
s Channel ✓

At least 3σ

Single-top: s channel

56

Very#difficult#channel#at#the#Tevatron#
Even#harder#at#the#LHC

Signal: 
lepton, MET, 2 b-jets

Single-top: tW channel

53

Signal: 
2 leptons, MET, b-jet

Main bkg: 
2 leptons, MET, 2 b-jets

(same final state + 1 b-jet)

Too#small#to#be#seen#at#the#Tevatron#
but#cross#section#grows#by#a#factor#of#~100#at#LHC

Single-top: t channel
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Comprehensive measurements of t-channel single top-quark production cross sections at√
s= 7 TeV with the ATLAS detector

The ATLAS collaboration
(Dated: July 1, 2014)

This article presents measurements of the t-channel single top-quark (t) and top-antiquark (t̄) total production
cross sections σ(tq) and σ(t̄q), their ratio Rt = σ(tq)/σ(t̄q), and a measurement of the inclusive production
cross section σ(tq+ t̄q) in proton–proton collisions at

√
s = 7 TeV at the LHC. Differential cross sections

for the tq and t̄q processes are measured as a function of the transverse momentum and the absolute value
of the rapidity of t and t̄, respectively. The analyzed data set was recorded with the ATLAS detector and
corresponds to an integrated luminosity of 4.59 fb−1. Selected events contain one charged lepton, large missing
transverse momentum, and two or three jets. The cross sections are measured by performing a binned maximum-
likelihood fit to the output distributions of neural networks. The resulting measurements are σ(tq) = 46±6 pb,
σ(t̄q)= 23±4 pb, Rt = 2.04±0.18, and σ(tq+ t̄q)= 68±8 pb, consistent with the Standard Model expectation.
The uncertainty on the measured cross sections is dominated by systematic uncertainties, while the uncertainty
on Rt is mainly statistical. Using the ratio of σ(tq+ t̄q) to its theoretical prediction, and assuming that the
top-quark-related CKM matrix elements obey the relation |Vtb|≫ |Vts|, |Vtd |, we determine |Vtb|= 1.02±0.07.

PACS numbers: 14.65.Ha, 12.15.Hh, 13.85.Qk, 14.20.Dh

I. INTRODUCTION

In proton–proton (pp) collisions at the LHC, top quarks
are produced at unprecedented rates, allowing studies that
were intractable before. The production of single top quarks
via weak charged-current interactions is among the top-quark
phenomena becoming accessible to precise investigations. In
leading-order (LO) perturbation theory, single top-quark pro-
duction is described by three subprocesses that are distin-
guished by the virtuality of the exchanged W boson. The
dominant process is the t-channel exchange depicted in Fig. 1,
which is the focus of the measurements presented in this arti-
cle. A light quark from one of the colliding protons interacts
with a b-quark from another proton by exchanging a virtualW
boson (W ∗). Since the u-quark density of the proton is about
twice as high as the d-quark density, the production cross sec-
tion of single top quarks σ(tq), shown in Fig. 1(a), is expected
to be about twice as high as the cross section of top-antiquark
production σ(t̄q), shown in Fig. 1(b). At LO, subleading sin-

(a) (b)

FIG. 1. Representative leading-order Feynman diagrams of (a) single
top-quark production and (b) single top-antiquark production via the
t-channel exchange of a virtualW ∗ boson.

gle top-quark processes are the associated production of aW
boson and a top quark (Wt) and the s-channel production of
tb̄, analogous to the Drell–Yan process.
In general, measurements of single top-quark production

provide insights into the properties of the Wtb vertex. The
cross sections are proportional to the square of the coupling at
the production vertex. In the Standard Model (SM), the cou-
pling is given by the Cabibbo–Kobayashi–Maskawa (CKM)
matrix element Vtb [1, 2] multiplied by the universal elec-
troweak coupling constant. Angular distributions of top-quark
decay products give access to the Lorentz structure of theWtb
vertex, which has a vector–axial vector structure in the SM.
As illustrated in Fig. 1, the t-channel process features a b-
quark in the initial state if described in LO Quantum Chro-
modynamics (QCD), and therefore the cross section depends
strongly on the b-quark parton distribution function (PDF),
which is derived from the gluon PDF by means of the DGLAP
evolution [3–5]. A measurement of the combined top-quark
and top-antiquark cross section σ(tq+ t̄q) = σ(tq)+σ(t̄q) is
well suited to constrain Vtb or the b-quark PDF. In addition,
the measurement of σ(tq+ t̄q) is sensitive to various models
of new physics phenomena [6], such as extra heavy quarks,
gauge bosons, or scalar bosons.
Separate measurements of σ(tq) and σ(t̄q) extend the sen-

sitivity to the PDFs of the u-quark and the d-quark, exploit-
ing the different initial states of the two processes, shown in
Fig. 1. At a center-of-mass energy of

√
s= 7 TeV, the typical

momentum fraction x of the initial-state light quarks is in the
range of 0.02 <∼ x <∼ 0.5, with a median of 0.17 for u-quarks
and a median of 0.13 for d-quarks. The additional measure-
ment of the cross-section ratio Rt ≡ σ(tq)/σ(t̄q) is sensitive
to the ratio of the two PDFs in the x-range specified above
and features smaller systematic uncertainties because of par-
tial cancelations of common uncertainties. The measurements
of σ(tq), σ(t̄q), and Rt provide complementary inputs in con-
straining PDFs to data currently used in QCD fits. Investigat-
ing Rt also provides a way of searching for new-physics con-
tributions in single top-quark (top-antiquark) production [7]
and of elucidating the nature of physics beyond the SM if it
were to be observed [8].
In this article we present measurements of σ(tq + t̄q),

σ(tq), σ(t̄q), and the cross-section ratio Rt at a center-of-mass

�t ⇡ 2⇥ �t              due to proton quark content at the LHC 
Sensitive to u,d, b quark PDFs

Signal: 
lepton, MET, b-jet,  
forward light jet

Stupak



Top Quark Properties

Top Mass World Combination

 [GeV]topm
165 170 175 180 185

1

17

       LHC September 2013  0.88)± 0.26 ± (0.23  0.95±173.29 

       Tevatron March 2013 (Run I+II)  0.61)± 0.36 ± (0.51  0.87±173.20 

 prob.=93%2χ 

 / ndf =4.3/102χ World comb. 2014  0.67)± 0.24 ± (0.27  0.76±173.34 

-1 = 3.5 fbint   L

CMS 2011, all jets
 1.23)± (0.69             1.41±173.49 

-1 = 4.9 fbint   L

CMS 2011, di-lepton
 1.46)± (0.43             1.52±172.50 

-1 = 4.9 fbint   L

CMS 2011, l+jets
 0.97)± 0.33 ± (0.27  1.06±173.49 

-1 = 4.7 fbint   L

ATLAS 2011, di-lepton
 1.50)± (0.64             1.63±173.09 

-1 = 4.7 fbint   L

ATLAS 2011, l+jets
 1.35)± 0.72 ± (0.23  1.55±172.31 

-1 = 5.3 fbint   L

D0 RunII, di-lepton
 1.38)± 0.55 ± (2.36  2.79±174.00 

-1 = 3.6 fbint   L

D0 RunII, l+jets
 1.16)± 0.47 ± (0.83  1.50±174.94 

-1 = 8.7 fbint   L

+jets
miss

T
CDF RunII, E

 0.86)± 1.05 ± (1.26  1.85±173.93 

-1 = 5.8 fbint   L

CDF RunII, all jets
 1.04)± 0.95 ± (1.43  2.01±172.47 

-1 = 5.6 fbint   L

CDF RunII, di-lepton
 3.13)± (1.95             3.69±170.28 

-1 = 8.7 fbint   L

CDF RunII, l+jets
 0.86)± 0.49 ± (0.52  1.12±172.85 

-1 - 8.7 fb-1 = 3.5 fb
int

 combination - March 2014,  LtopTevatron+LHC m

ATLAS + CDF + CMS + D0 Preliminary

)    syst.   iJES  stat.total    (P
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vi
o

u
s

C
o

m
b

.

mtop = 173.34± 0.76 GeV
Relative uncertainty 0.44%

Ziqing Hong (Texas A&M University) 7 / 24

Hong



Top Quark Properties

Updates since World Combination

Updated measurements of mtop after first world
combination

D0 l+jets: most precise single
measurement

Tevatron combination gives
smallest uncertainties:

mtop = 174.34± 0.64

Relative uncertainty 0.37%

Consistency between
measurements is under study )2 (GeV/ctopM

150 160 170 180 190
0

8

)-1CMS 8 TeV, l+jets (19.7fb
 0.8±172.0 

CMS-PAS-TOP-14-001

)-1CMS 8 TeV, all jets (18.2fb
 0.9±172.1 

CMS-PAS-TOP-14-002

)-1ATLAS 7 TeV, all jets ( 4.6fb
 1.8±175.1 

arxiv:1409.0832

)-1 9.7fb≤Tevatron combination ( 
 0.6±174.3 

arxiv:1407.2682

)-1D0 RunII, l+jets ( 9.7fb
 0.8±175.0 

PRL 113, 032002

)-1CDF RunII, di-lepton ( 9.1fb
 3.2±170.8 

CDF Note 11072

)-1CDF RunII, all jets ( 9.3fb
 2.0±175.1 

CDF Note 11084

 Results since First World CombinationtopNew m

     (arxiv:1403.4427)

0.76±(WC)=173.34topm

Ziqing Hong (Texas A&M University) 8 / 24

Hong



Top Quark Properties

NNLO AFB Prediction

Preliminary NNLO prediction
suggests tension resolved

NNLO QCD + LO EW
! Att̄

FB ⇠ 10%

If this result holds up, it means that
deviation between measurements
and prediction no longer significant

NNLO QCD calculation needed for
top kinematics!
Especially important for precision
measurements happening at LHC

A. Mitov, CKM 2014
(Sep. 9, 2014)

Ziqing Hong (Texas A&M University) 14 / 24

Hong



PDF’s and Hard Jets



Voica Radescu |        | PIC2014| Bloomington

QCD scaling and EW effects 
EW effects clearly seen at high Q2:                      QCD scaling violations nicely seen:

9

H1prelim-14-041 and ZEUS-prel-14-005

The x region 
relevant for the 

Higgs production 
is at 10-2.

Radescu



Voica Radescu |        | PIC2014| Bloomington

Impact of LHC data on PDFs

29

Abundant LHC data with possible novel constraints on 
PDFs are investigated: 

MSTW

Intense activity 
of global PDF 

groups to 
include these 

measurements 
in the new PDF 
releases in time 
for Run2 data.

[see M. Kuze, S. Lee, J. Stupak ]

NNPDF3.0 is in LHAPDF,!
announced updates from:!
 MSTW, HERA, CT, ABM!

PDF4LHC, QCD@LHC, 2014

Radescu



!  Ratios of data and theory for 
inclusive jet cross sections 
measured in various collisions at 
different center-of-mass energies. !

!  The ratios are shown as a function 
of  jet pT.  

!  In general, there is good agreement 
between theory and data. 

!  New LHC jet data have started to 
go beyond the pT reach of the 
Tevatron experiments 

Inclusive Jet Cross Section Measurements 
Global Jet Data Comparison 

#  Beautiful jet results from ATLAS &      
     CMS start constraining PDFs 

PDG 2014!

Lee



STRONG COUPLING CONSTANT 
Overview of αS(MZ) measurements 

NLO 

NNLO 

HERA 

TEVATRON 

ATLAS 

CMS 

!  fantastic proof of αs running up to the TeV region 
!  All results compatible with the world average 
!  precision limited by missing higher orders in QCD and PDF uncertainties  
!  Analysis with 2012 data at 8 TeV in progress. 

PDG 2013/10       NNLO 

LHC 

Lee



Flavor Physics

B-Physics, Charm and Kaon Physics



Result of 15 years of Belle, BaBar and LHCb 

33 

So far all triangle parameters are self-consistent " 
Don’t give up: we still have a chance to see New Physics in 
CKM with x50 more data from Belle II and upgraded LHCb 

φ1(β) = (21.88±0.71
0.81)°

φ2 (α) = (91.7±1.6
2.6 )°

φ3(γ ) = (66.5±2.5
1.3 )°

CKMfitter.in2p3.fr 
global fit results 

FastCKM

V   Vud      ub
*

V   Vcd      cb
*

V   Vtd      tb
*

V   Vcd      cb
*

q = `q = a

q = _

 1,0)( 0,0)(

( l,d)

1

2

_ _

3

 

Unitarity Triangle 

6 

Unitarity implies that the weak couplings and 
phases form a triangle in the complex plane. 



B0
s → µ+µ−

11 18 Sep 2014 Michal Kreps – B decays

10
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Data
Signal and background
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0B

!µ+µ "0B
Combinatorial bkg.
Semi-leptonic bkg.
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CMS and LHCb
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s
0BS
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68.27%

95.45%

99.73%

99.99%

SM

CMS and LHCb

B0
s → µ+µ−:

B = 2.8+0.7
−0.6 × 10−9

6.2σ from Wilk’s theorem
B0 → µ+µ−:
B = 3.9+1.6

−1.4 × 10−10

3.2σ from Wilk’s theorem
3.0σ from Feldman-Cousins
B0

s → µ+µ−/B0 → µ+µ−

R = 0.14+0.08
−0.06

Compatible with SM at 2.3σ
SM prediction
B(B0

s ) = 3.66± 0.23× 10−9

B(B0) = 1.06± 0.09× 10−10

SSM = Experiment
Theory

Kreps



B+ → τ+ντ

12 18 Sep 2014 Michal Kreps – B decays

For long time, tension between Vub, sin 2β and B+ → τ+ντ BF
Tension decreased after Belle updated analysis with fully
reconstructed tag
Now update with semileptonic tag (with lot of improvements to
analysis)
B(B+ → τ+ντ ) = 1.25± 0.28± 0.27× 10−4

Fast, Kreps
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D+&➝&μ+&νμ

16

• BESIII#(PRD89,#051104(R)#(2014))#:#2.9#ÄJ1#at#Ecm#=#3.773#GeV.

• Measured#B(D+&➝#μ+#νμ)#=#(3.71±0.19±0.06)×10J4

The#most#precise#measurement#to#date.

– With#|Vcd|#of#CKM!fiÉer#input,#fD+#=#(203.2±5.3±1.8)#MeV

– With#fD+#of#LQCD#input#(PRL100,#062002#(2008))
|Vcd|#=#0.2210±0.0058±0.0047.

• Sta;s;cally#limited.
More#data#would#be#welcome.

• BESIII#plans#to#take#
~10#ÄJ1#in#the#future!

Here Eμþ and ~pμþ are the energy and three-momentum of
the μþ, respectively, and ~pD−

tag
is the three-momentum of the

taggedD− candidate. Figure 2 shows theM2
miss distribution

for selected single μþ candidates. There are 451 candidate
Dþ → μþνμ events in the jM2

missj < 0.12 GeV2=c4 signal
region as shown with two red arrows. The events that peak
near M2

miss ≃ 0.25 GeV2=c4 are primarily from Dþ →
K0

Lπ
þ decays, where the K0

L is undetected.
To check the Monte Carlo simulation, we compare the

M2
miss distribution for Dþ → K0

Sπ
þ from the data with that

from Monte Carlo simulated events, where the K0
S is

missing in the calculation of M2
miss. We select Dþ →

K0
Sπ

þ events with the same requirements as these used
in selection of Dþ → μþνμ, but require an additional K0

S.
We find that the M2

miss resolution for the data to be 1.194
times wider than that for the simulated events. To account
for this difference, we scale the M2

miss resolution of
simulated events by a factor of 1.194 when looking for
Dþ → μþνμ signal and estimating numbers of peaking
background events, such as Dþ → K0

Lπ
þ and Dþ → πþπ0

decays (see below and see Fig. 2).
The numbers of the background events from Dþ →

K0
Lπ

þ and Dþ → πþπ0, as well as Dþ → τþντ, are esti-
mated by analyzing Monte Carlo samples that are 10 times
larger than the data. The input branching fractions for
Dþ → K0

Lπ
þ and Dþ → πþπ0 are from Ref. [2]. For

estimation of the backgrounds from Dþ → τþντ decay,
we use branching fraction BðDþ → τþντÞ ¼
2.67 × BðDþ → μþνμÞ, where BðDþ → μþνμÞ is quoted
from Ref. [10] and 2.67 is expected by the SM.
The backgrounds from other D decays are corrected

considering the difference in the numbers of events from

the data and simulated events in the range from 0.15 to
0.60 GeV2=c4. Other background events are from
eþe− → γISRψð3686Þ, eþe− → γISRJ=ψ , where γISR
denotes the photon produced due to initial state radiation,
eþe− → qq̄ (q ¼ u, d, or s), eþe− → τþτ−, and ψð3770Þ →
non-DD̄ decays that satisfy the event-selection criteria of
purely leptonic decays. The numbers of these background
events are estimated by analyzing Monte Carlo samples of
each of the above-listed processes, which are about 10
times more than the data. After normalizing these numbers
of background events from the Monte Carlo samples to the
data, we expect that there are 42.0% 2.3 background
events, where the errors reflect the Monte Carlo statistics,
uncertainties in the branching fractions, and/or production
cross sections for the background channels.
After subtracting the number of background events,

409.0% 21.2% 2.3 signal events (Nnet
sig) for Dþ → μþνμ

remain, where the first error is statistical and the second is
the systematic associated with the uncertainty of the
background estimate. The weighted overall efficiency for
detecting Dþ → μþνμ decays is determined to be ϵ ¼
0.6403% 0.0012 by analyzing Monte Carlo simulated
events for Dþ → μþνμ in each tagged D− mode; here
the error is due to Monte Carlo statistics. Final state
radiation is included in the Monte Carlo simulation.
Inserting ND−

tag
, Nnet

sig , and ϵ into

BðDþ → μþνμÞ ¼
Nnet

sig

ND−
tag
× ϵ

and subtracting from the signal a 1.0% contribution coming
from Dþ → γD&þ → γμþνμ [10,11], in which D&þ is a
virtual vector or axial-vector meson, yields

BðDþ → μþνμÞ ¼ ð3.71% 0.19% 0.06Þ × 10−4;

where the first error is statistical and the second systematic.
This measured branching fraction is consistent within
errors with those measured at BES-I [12], BES-II [13],
and CLEO-c [10], but with the best precision.
The systematic uncertainty in the Dþ → μþνμ branching

fraction determination includes seven contributions: (1) the
uncertainty in the number ofD− tags (0.5%), which contain
the uncertainty in the fit to theMBC distribution (0.5%) and
the difference in the fake π0 rates between the data and the
Monte Carlo events (0.1%); (2) the uncertainty in μ
tracking/identification (0.1%=0.8%) determined by com-
paring the μ tracking/identification efficiencies for data and
Monte Carlo events, where the μ% samples are from the
copious eþe− → γμþμ− process; (3) the uncertainty in the
Eγmax

selection requirement (0.1%) determined by compar-
ing doubly tagged DD̄ hadronic decay events in the data
and Monte Carlo; (4) the uncertainty associated with the
choice of theM2

miss signal window (0.5%) determined from
changes in the measured branching fractions using different

]4/c2 [GeVmiss
2M
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+πL

0 K→+D
0π+π→+D
τν+τ→+D

Other D decays
 processesDnon-D

2

FIG. 2 (color online). TheM2
miss distribution for selected single

μþ candidates, where dots with error bars indicate the data, the
opened histogram is for Monte Carlo simulated signal events of
Dþ → μþνμ decays, and the hatched histograms are for the
simulated backgrounds from Dþ → K0

Lπ
þ (red), Dþ → π0πþ

(green), Dþ → τþντ (blue), all other D-meson decays (yellow),
and non-DD̄ processes (pink).

PRECISION MEASUREMENTS OF … PHYSICAL REVIEW D 89, 051104(R) (2014)

051104-5

RAPID COMMUNICATIONS

Muramatsu
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Comparison&of&B(D+&➝&μ+&νμ)&and&fD+

17

Good#consistencies#are#seen#among#the#previous#experimental#results.

       

8

Comparisons of B[D+ÆP+vP] and fD+

B[D+ÆP�Q] fD+ [MeV]
     

PRD78,052003&(2008)

Comparisons of Decay Constants

150 190 230

fD+ (MeV)

Experiment •203.9± 4.7

Lattice(HPQCD) �208.3± 3.4

Lattice(FNAL+MILC) ⇧

PQL ⇤

QCD Sum Rules 5

QCD Sum Rules 5

QCD Sum Rules 5

QCD Sum Rules 5

QCD Sum Rules 5

QCD Sum Rules 5

Field Correlations �

Light Front (Fixed) ⌅

200 240 280

fD+
s
(MeV)

•256.9± 4.4

�246.0± 3.6

⇧

⇤

5

5

5

5

5

5

�

⌅

1.1 1.2 1.3

fD+
s
/fD+

•1.260± 0.036

�
1.187± 0.013

⇧

⇤

5

5

5

5

5

5

�

⌅

The experimental ratio of these decay constants fD+
s
/fD+ = 1.260 ± 0.036 is larger than

HPQCD calculated ratio fD+
s
/fD+ = 1.187± 0.004± 0.012 by 1.9 standard deviation.

Gang RONG (IHEP) Leptonic D Decays CKM2014 22 / 47

Muramatsu
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A determination of mixing parameters for       and       gives access to CPV 

t[¿D0 ]

3.0 fb-1

●  direct CPV of DCS component    

●  CPV in mixing 

PRL 111 (2013) 251801

 No indication for direct or indirect CPV

 CP violation parameters 

 Fit parameter

PIC 2014  - Charm CPV and Mixing

D0 ! K¼LHCb - CPV  in  WS                    

Marks



Kaon Golden Modes and NP 
Branching ratios theoretical prediction are good to  2-4% (excluding 

parametric uncertainty)  
  BR(K+→π+νν̅ ) = (7.81 ± 0.75 ± 0.29) x 10-11 

  BR(KL→π0νν̅) = (2.43 ± 039 ± 0.06) x 10-11 

      (Brod, Gorbhan, Stamou, PRD 83,0340030 (2011) 
Direct measurements: 

 BR(K+→π+νν̅ ) = (1.73+1.15–1.05) x 10-10  

   BR(KL→π0νν̅) < 2.6 x 10-8 
 
 

  

 
 

  (BNL E787/E949: PRL 101 (2008) 191802) 

  (KEK E391a: PRD 81 (2010) 072004) 

  9/19/14!   Monica Tecchio, PIC2014!   8!

Kaon Golden Modes 
•  The two rare kaon decays, K+

 → π+νν̅  & KL → π0νν̅ , are FCNC 
processes, forbidden at tree level and dominated by one loop diagrams 

 
•  t quark intermediate states dominate (GIM suppression for u,c) 
•  long distance contributions are small 
•  relevant hadronic operator can be extracted from K+→π0e+ν 

•  Provide input to CKM unitarity triangle 

  

 

 
 

15-7-2014! Giuseppina Anzivino!

K→ πνν in the SM . . . !
!  FCNC process forbidden at tree level                   room for NP up to 10xSM!
!  Short distance contribution dominated by  Z penguin and W box diagrams!
!  “Super-clean” theoretically!

!  hadronic matrix element can be extracted from measured quantities(Ke3)!
!  Very small BR due to the CKM top coupling!

!  A ~ (mt/mW)2|Vts*Vtd|  ≈  λ5 !

!  Measurement of |Vtd| complementary to those from B-B mixing and B → ργ$
!  $BR/BR=10%                  $|Vtd|/|Vtd|=7%.!

BR × 1010! SM Prediction! Experiments!
K+� π+ ν ν $ 0.781 ± 0.075 ± 0.029 [1]! 1.73 + 1.15 

– 1.05 [2]!
K0� π0 ν ν $ 0.243 ± 0.039 ± 0.006 [1]! < 260 (@90% CL) [3]!

[1] Brod, Gorbahn, Stamou: PRD83(2011) 034030, arXiv 1009.0947!
[2] BNL E787/E949: PRL101 (2008) 191802, arXiv 0808.2459 !
[3] KEK E391a: PR D81 (2010) 072004, arXiv 0911.4789 !

7 events: twice as large 
as, but still consistent 
with SM expectation !

12!

  9/19/14!

Kaon Golden Modes 
•  The two rare kaon decays, K+

 → π+νν̅  & KL → π0νν̅ , are FCNC 
processes, forbidden at tree level and dominated by one loop diagrams 
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•  long distance contributions are small 
•  relevant hadronic operator can be extracted from K+→π0e+ν 

•  Provide input to CKM unitarity triangle 

  

 

 
 

15-7-2014! Giuseppina Anzivino!

K→ πνν in the SM . . . !
!  FCNC process forbidden at tree level                   room for NP up to 10xSM!
!  Short distance contribution dominated by  Z penguin and W box diagrams!
!  “Super-clean” theoretically!

!  hadronic matrix element can be extracted from measured quantities(Ke3)!
!  Very small BR due to the CKM top coupling!

!  A ~ (mt/mW)2|Vts*Vtd|  ≈  λ5 !

!  Measurement of |Vtd| complementary to those from B-B mixing and B → ργ$
!  $BR/BR=10%                  $|Vtd|/|Vtd|=7%.!

BR × 1010! SM Prediction! Experiments!
K+� π+ ν ν $ 0.781 ± 0.075 ± 0.029 [1]! 1.73 + 1.15 

– 1.05 [2]!
K0� π0 ν ν $ 0.243 ± 0.039 ± 0.006 [1]! < 260 (@90% CL) [3]!

[1] Brod, Gorbahn, Stamou: PRD83(2011) 034030, arXiv 1009.0947!
[2] BNL E787/E949: PRL101 (2008) 191802, arXiv 0808.2459 !
[3] KEK E391a: PR D81 (2010) 072004, arXiv 0911.4789 !

7 events: twice as large 
as, but still consistent 
with SM expectation !

12!

  9/19/14!

KL →π0νν̅ Result  

Final background prediction 
inside signal region 

 
•  S.E.S. of the first physics 

run: 1.29×10-8 (E391a: 1.1x10-8) 

BG source #BG 

Hadron cluster events 0.18±0.15 

Kaon decay events 0.11±0.04 

Upstream events 0.06±0.06 

Sum 0.36± 0.16 

  0.17±0.12 

  
7.24±0.52 

  
0.033±0.027 

  
0.026±0.025 

  0.0018±0.0016 

  1 

  9 

  0 

  87 
  87 

  0.36± 0.16 

  Observed 
  Expected 

  0 

  0 

Apply neural net cut to separate hadron from photon clusters 
using both cluster kinematical and shape variables. 

•  KOTO achieved similar sensitivity as E391a in only 100 
hours of data taking! NA62 Physics and Schedule 

Interplay between Particle and Astrophysics - August 21st 

RK - Kµ2 Candidates

42.817 M events 
(collected with pre-scaled 
trigger). 

Main background coming 
from beam halo muons: 

(0.50±0.01)%

19

2)2), (GeV/cµ(2
missM

-0.08 -0.06-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

310
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510
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Data
 i±µ0/A±K

 /0</+/0/±/A±K
 0/±/A±K

Beam halo 
 i±µA±K

NA62

•  Upcoming run (October-December 2014): commission detector with lower 
intensity beam. Likely reach SM sensitivity! 

•  Nominal intensity runs in 2015, 2016 and 2017 before LHC shutdown 

ICNFP 2014 Monica Pepe - INFN Perugia 38 

21 

Additional NA62 K Physics Program 

R. Fantechi - 12th  Flavor Physics & CP Violation - May, 30th, 2014 

Decay Physics Present limit NA62 

S+P+e- LFV 1.3*10-11 0.7*10-12 

S+P-e+ LFV 5.2*10-10 0.7*10-12 

S�P+e+ LNV 5.0*10-10 0.7*10-12 

S-e+e+ LNV 6.4*10-10 2.0*10-12 

S-P+P+ LNV 1.1*10-9 0.4*10-12 

P-Qe+e+ LFV/LNV 2*10-8 4.0*10-12 

e-QP+P+ LNV No data 1.0*10-12 

S+F� New particle 5.9*10-11 MF0 = 0 1.0*10-12 
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Additional NA62 K Physics Program 

  M.Pepe, ICNFP 2014 

•  Planning for further 
physics measurements: 
real rare decay factory! 

  9/19/14!

NA62 Physics and Schedule 

Interplay between Particle and Astrophysics - August 21st 

RK - Kµ2 Candidates

42.817 M events 
(collected with pre-scaled 
trigger). 

Main background coming 
from beam halo muons: 

(0.50±0.01)%
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•  Upcoming run (October-December 2014): commission detector with lower 
intensity beam. Likely reach SM sensitivity! 

•  Nominal intensity runs in 2015, 2016 and 2017 before LHC shutdown 
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There are lots of XYZ states 
•  A number of new states above 

open-charm threshold. 
•  Charmonium in the final state, 

but not an obvious charmonium 
state (charmoniumlike or XYZ) 

•  What are they? 
– Charmonium?  
– Tetraquark?  
– Molecule? 
– Hybrid?  
– Hadrocharmonium? 
– … 

4 

Z(4430) 

Y(4260) 

Y(4360) 

Z(3900) 

Z(4020) 

X(3872) 

Y(4660) 

Y(4008) 

Observation of Zc(3900)±  in  
e+e-→π+π -J/ψ  

•  Zc(3900)±: first 
confirmed charged 
charmonium-like states 
observed in π+π-J/ψ by 
BESIII, Belle and 
confirmed in CLEO-c 
data (NWU group). 
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BESIII[PRL 110 252001 (2013)] 
 525pb-1 @ 4.26GeV  

Belle PRL 110 252002 (2013)   
967fb-1, in e+e-!γISRπ+π-J/ψ%

CLEO-c data [PLB 727 366-370 (2013) ] 
 586pb-1 @ 4.17GeV  

BESIIII  
M = 3899.0±3.6±4.9 MeV  
Γ= 46±10±20 MeV 307±48 
events, >8σ%
Belle 
M = 3894.5±6.6±4.5 MeV  
Γ=63±24±26 MeV 
159 ± 49 events, >5.2σ%
CLEO-c data 
M = 3886±4±2 MeV  
Γ= 37±4±8 MeV  
81±16 events, >5σ%

Ζc!π±J/ψ Ζc!π±J/ψ 

Ζc!π±J/ψ •  Couple to ccbar. 
•  Has electric charge. 
•  At least 4 quarks. 
•  Mass close to DD* 

threshold. 
•  Molecular state? 

Tetraquark? 
Hadrocharmonium? 
Threshold effect? … 

Exotic Heavy States
Bian



Lepton Flavor Violation in 
Charged Lepton and Neutrinos



MEG Result and MEG-II 

•  Using data up to 2011:  
  BR(µ+�e+γ)<5.7x10-13 @90% C.L. 
   J.Adam et al., PRL 110 (20), 201801  
 
 

•  Set constraints on NP models 
accommodating anomalous muon 
magnetic moment  (G.Isidori, PRD 75, 
115019 (2007) )  

 

Why μ →eγ?  "

  Standard Model prediction for BF ∝ (mν/mW)4<10-55 


 not enough protons in the whole Universe to check this 
SM expectation… �

  Current experimental limit �
(10-12) close to many �
New Physics model predictions�

  Clear two-body signal topology,�
background suppressed by �
better and better detectors.


M.Cannoni, J.Ellis, et al. 
Phys Rev D 88 075005 

Heaviest Right Handed  
ν mass 

G.Cavoto May 30th 2014 2 

•  In 2012-2013 already collected 
more than twice the statistics 
(analysis in progress) but reaching 
MEG final sensitivity of 5x10-13 

•  MEG-II upgrade with larger 
acceptance and better resolution 
for higher beam intensity promises 
to reach 5x10-14 in sensitivity. 

R.H. Bernstein, P.S. Cooper / Physics Reports 532 (2013) 27–64 31

Fig. 3. The history of CLFV searches in muons (not including muonium). One sees a steady improvement in all modes and then a flattening of the rate
improvement throughout the 1990s. MEG has upgrade plans for the µ ! e� search. The two next generations of µN ! eN , Mu2e/COMET at FNAL and
J-PARC are labeled, and possible extensions at Project X and PRIME are shown. Letters-of-intent are in process for µ ! 3e experiments at PSI and Osaka’s
MUSIC facility. Individual experiments are discussed in the text.

Table 1

History of µ ! e� experiments. Hincks and Pontecorvo (1948) do not set a limit; the limit usually quoted is actually a
number of counts/hour and it is difficult to set a limit from the paper.

Year 90% CL on B(µ ! e� ) Collaboration/Lab Reference

1947 1.0 ⇥ 10�1 Chalk River Hincks and Pontecorvo (1948)
1948 .04 Washington University Sard and Althaus (1948)
1955 2.0 ⇥ 10�5 Nevis Steinberger and Lokanathan (1955)
1959 7.5 ⇥ 10�6 Liverpool O’Keefe et al. (1959)
1959 2.0 ⇥ 10�6 Nevis Berley et al. (1959)
1959 1.0 ⇥ 10�5 Rochester Davis et al. (1959)
1959 1.2 ⇥ 10�6 CERN Ashkin et al. (1959)
1960 1.2 ⇥ 10�6 LBL Frankel et al. (1960)
1961 2.5 ⇥ 10�5 Carnegie Crittenden et al. (1961)
1962 1.9 ⇥ 10�7 LBL Frankel et al. (1962)
1962 6.0 ⇥ 10�8 Nevis Bartlett et al. (1962)
1963 4.3 ⇥ 10�8 LBL Frankel et al. (1963)
1964 2.2 ⇥ 10�8 Chicago Parker et al. (1964)
1971 2.9 ⇥ 10�8 Dubna Korenchenko et al. (1971)
1977 3.6 ⇥ 10�9 TRIUMF Depommier et al. (1977)
1977 1.1 ⇥ 10�9 SIN Povel et al. (1977)
1979 1.9 ⇥ 10�10 LAMPF Bowman et al. (1979)
1982 1.7 ⇥ 10�10 LAMPF Kinnison et al. (1982)
1986 4.9 ⇥ 10�11 LAMPF/Crystal Box Bolton et al. (1986, 1988)
1999 1.2 ⇥ 10�11 LAMPF/MEGA Brooks et al. (1999)
2010 2.8 ⇥ 10�11 PSI/MEG Adam et al. (2010)
2011 2.4 ⇥ 10�12 PSI/MEG Adam et al. (2011)

the experiment showed that the interaction between the muon and the nucleus was twelve orders of magnitude less than
that required by a Yukawa particle. Pontecorvo suggested that there might be no neutrino at all in the decay, and the decay
of themuonmay be simplyµ ! e� . The paper concludes ‘‘that each decay electron is not accompanied by a photon of about
50MeV’’. In contrast, the Sard and Althaus (1948) paper explicitly quotes having observed nine events with a background of
five and is in that sense amore reliable first measurement.3 We now know the two-neutrino hypothesis is required to make
sense of the situation, and although it is out of the scope of this article, it is fascinating to trace the development of these
ideas through the demonstration of the existence of two neutrino species in the Nobel Prize-winning experiment of Danby
et al. (1962). (See Table 1.)

Before turning to the experimental status and prospects, we look at the process and intrinsic backgrounds in order to
understand the design of the experiments and the problems they face. First, we note that in µ ! e� the electron energy
is 52.8 MeV and the electron and photon have equal but opposite momenta. The experiments use stopped µ+ rather than
µ� and bring the muons to rest in a thin target. Why µ+ rather than µ�? First (and less important) is that one gets more

3 This paper has escaped mention in a number of reviews and the authors thank G. Signorelli for pointing it out to us.
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µ� + N -> e� + N 
•  Two experiments, Mu2e @ FNAL and 

COMET @ J-PARC, have been proposed 
for searching µ � e conversion in 
presence of a nucleus (Al) 

•  Present limit from SINDRUM-II @ 
PSI: BR(µ+�e+γ)<5.7x10-13 @90% C.L. 

 
•  Experimental signature is a mono-

energetic electron of energy:  
    Eµe = mµ – Eb- Eµ

2/2mN   

         ≈ 104.973 MeV  (for Al) 
     where Eb is muonic binding energy  
     Eb ∝  Z2 � low Z nucleus is preferred 
 
•  New experiments promise an increase in 

sensitivity up to 10-17  and probe NP 
mass scale in the 103-104 TeV range 

 
 
 

.  

The Mu2e Experiment at Fermilab 

Kyle J. Knoepfel 
Fermi National Accelerator Laboratory 

29 May 2014 

•  B(µ→ econv in 27Al) curves are for Mu2e 
and Mu2e upgrade sensitivity  

•  B(µ+ → e+γ) are for MEG and MEGII 
sensitivity  
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Figure 2: Sensitivity of a µ ! e conversion in 27Al experiment that can probe a normalized
capture rate of 10�16 and 10�18, and of a µ ! e� search that is sensitive to a branching ratio
of 10�13 and 10�14, to the new physics scale ⇤ as a function of , as defined in Eq. (2). Also
depicted is the currently excluded region of this parameter space.

A model independent comparison between the reach of µ ! eee and µ ! e conversion in nuclei is
a lot less straight forward. If the new physics is such that the dipole-type operator is dominant ( ⌧ 1
in Figures 2 and 3), it is easy to see that near-future prospects for µ ! e conversion searches are
comparable to those for µ ! eee, assuming both can reach the 10�16 level. µ ! e conversion searches
will ultimately dominate, assuming these can reach beyond 10�17, and assuming µ ! eee searches
“saturate” at the 10�16 level. Under all other theoretical circumstances, keeping in mind that  and ⇤
in Eqs. (2,3) are not the same, it is impossible to unambiguously compare the two CLFV probes.

The discussions above also serve to illustrate another “feature” of searches for CLFV violation.
In the case of a positive signal, the amount of information regarding the new physics is limited. For
example, a positive signal in a µ ! e conversion experiment does not allow one to measure either ⇤ or
 but only a function of the two. In order to learn more about the new physics, one needs to combine
information involving the rate of a particular CLFV process with other observables. These include other
CLFV observables (e.g., a positive signal in µ ! e� and µ ! eee would allow one to measure both

7

  Govea and Vogel, arXiv:1303.4097v2 [hep-ph], 2013 
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Figure 1. The probability that a particular neutrino mass state
contains a particular SM state may be represented by colours as
shown in the key. Note that neutrino oscillation experiments only
determine the difference between the squared values of the masses.
Also, while m2

2 > m2
1, it is presently unknown whether m2

3 is heavier
or lighter than the other two, corresponding to the left and right
panels of the figure, referred to as normal or inverted mass squared
ordering, respectively. Finally, the value of the lightest neutrino
mass (sometimes referred to as the neutrino mass scale) is presently
unknown and is represented by a question mark in each case.

According to quantum mechanics it is not necessary that the
SM states νe, νµ, ντ be identified in a one-one way with the
mass eigenstates ν1, ν2 and ν3, and the matrix elements of U

give the quantum amplitude that a particular SM state contains
an admixture of a particular mass eigenstate. The probability
that a particular neutrino mass state contains a particular SM
state may be represented by colours as in figure 1. Note
that neutrino oscillations are only sensitive to the differences
between the squares of the neutrino masses #m2

ij ≡ m2
i −m2

j ,
and gives no information about the absolute value of the
neutrino mass squared eigenvalues m2

i . There are basically two
patterns of neutrino mass squared orderings consistent with the
atmospheric and solar data as shown in figure 1.

As with all quantum amplitudes, the matrix elements of
U are expected to be complex numbers in general. The lepton
mixing matrix U is also frequently referred to as the Maki–
Nakagawa–Sakata (MNS) matrix UMNS [3], and sometimes the
name of Pontecorvo is added at the beginning to give UPMNS.
The standard parametrization of the PMNS matrix in terms of
three angles and at least one complex phase, as recommended
by the Particle Data Group (PDG) [5], will be discussed later.

Before getting into details, here is a quick executive
summary of the implications of neutrino mass and mixing
following from figure 1:

• Lepton flavour is not conserved, so the individual lepton
numbers Le, Lµ, Lτ are separately broken

• Neutrinos have tiny masses which are not very hierarchical
• Neutrinos mix strongly unlike quarks
• The SM parameter count is increased by at least seven new

parameters (three neutrino masses, three mixing angles
and at least one complex phase)

• It is the first (and so far only) new physics beyond the SM

The idea of neutrino oscillations was first confirmed in
1998 by the Japanese experiment Super–Kamiokande (SK) [6]
which showed that there was a deficit of muon neutrinos
reaching Earth when cosmic rays strike the upper atmosphere,
the so-called ‘atmospheric neutrinos’. Since most neutrinos
pass through the Earth unhindered, Super-Kamiokande was
able to detect muon neutrinos coming from above and below,
and found that while the correct number of muon neutrinos
came from above, only about a half of the expected number
came from below. The results were interpreted as half the muon
neutrinos from below oscillating into tau neutrinos over an
oscillation length L of the diameter of the Earth, with the muon
neutrinos from above having a negligible oscillation length,
and so not having time to oscillate, yielding the expected
number of muon neutrinos from above.

In 2002, the Sudbury Neutrino Observatory (SNO) in
Canada spectacularly confirmed the flavour conversion in
‘solar neutrinos’ [7]. The experiment measured both the flux
of the electron neutrinos and the total flux of all three types of
neutrinos. The SNO data revealed that physicists’ theories of
the Sun were correct after all, and the solar neutrinos νe were
produced at the standard rate but were oscillating into νµ and
ντ , with only about a third of the original νe flux arriving at the
Earth.

Since then, neutrino oscillations consistent with solar
neutrino observations have been seen using man made
neutrinos from nuclear reactors at KamLAND in Japan [8]
(which, for the first time, observed the periodic pattern
characteristic for neutrino oscillations), and neutrino
oscillations consistent with atmospheric neutrino observations
have been seen using neutrino beams fired over hundreds
of kilometres as in the K2K experiment in Japan [9], the
Fermilab-MINOS experiment in the US [10] or the CERN-
OPERA experiment in Europe. Further long-baseline neutrino
beam experiments are in the pipeline, and neutrino oscillation
physics is entering the precision era, with superbeams and a
neutrino factory on the horizon.

Following these results several research groups showed
that the electron neutrino has a mixing matrix element of
|Ue2| ≈ 1/

√
3 which is the quantum amplitude for νe to contain

an admixture of the mass eigenstate ν2 corresponding to a
massive neutrino of mass m2 ≈ 0.008 electronvolts (eV) or

greater (where
√

m2
2 − m2

1 ≈ 0.008 eV). By comparison the
electron has a mass of about half a megaelectronvolt (MeV).
Put another way, the mass state ν2 contains roughly equal
probabilities of νe, νµ and ντ sometimes called trimaximal
mixing, corresponding to the three equal red, green and blue
colours associated with m2

2 in figure 1. The muon and
tau neutrinos were observed to contain approximately equal
amplitudes of the third neutrino ν3 of mass m3, |Uµ3| ≈
|Uτ3| ≈ 1/

√
2, where a normalized amplitude of 1/

√
2

corresponds to a 1/2 fraction of ν3 in each of νµ and ντ , leading
to a maximal mixing and oscillation of νµ ↔ ντ . Put another
way, the mass state ν3 contains roughly equal probabilities of
νµ and ντ called maximal mixing, corresponding to the two
equal green and blue colours associated with m2

3 in figure 1.
Interestingly, the value of m3 is not determined and it could
be anywhere between zero and 0.3 eV, depending on the mass

3

KamLAND!
~200km!

Near!Detector!
300m!

ValidaTon!with!nH!Analysis!

18!

Daya!Bay!

Largely,Independent,θ13,measurement,
•  Capture!Tme:!30μs!(nGd)!5>!200μs(nH)!
•  Delayed!E:!!8MeV!(nGd)!5>!2.2!MeV!(nH)!
•  More!Energy!leakage!at!boundary!

Double!Chooz!(Rate+Spectra):!
sin22θ13!=!0.097!±!0.034(stat)!±!0.034!(syst)!
Phys.!Le9.!B723!(2013)!66A70!
!
Daya!Bay!(Rate!Only)!:!
sin22θ13!=!0.083!±!0.018!
arXiv:!1406.6468!
!
RENO!(Rate!Only)!:!
sin22θ13!=!0.095!±!0.015(stat)!±!0.025!(syst)!
Neutrino!2014!
!Absolute!Reactor!AnTneutrino!Flux!

22!

Data/PredicTon!(Huber+Mueller)!!
R,=,0.947,±,0.022,,

Daya!Bay’s!reactor!flux!measurement!is!consistent!
with!previous!short!baseline!experiments.!!

Absolute ⌫̄e Reactor Flux Measurement
Comparison with models

• Result of 6AD data

• Results consistent within ADs

• Discrepancy between current models

Results
Detector related 2.1%
Reactor related 0.8%
✓13 0.2%
Statistics 0.2%

Total 2.3%

Comparison with worldwide
measurements

• Results from previous experiments corrected by
oscillation hypothesis

• Based on near detectors

• Daya Bay result consistent with world average

• Daya Bay result supports the existence of
’reactor anomaly’

Flux uncertainties

Y0 (cm2GW�1day�1) 1.553 ⇥ 10�18

�f (cm2fission�1) 5.934 ⇥ 10�43

235U:238U:239Pu:241Pu 0.586:0.076:0.288:0.050
Data/Prediction 0.947 ± 0.022
(Huber+Mueller)

Flux!uncertainTes!

Light!Sterile!Neutrino!Search!

21!

Search!for!an!acTve!light!sterile!neutrino!with!3+1!model!

•  Search!for!a!higher!frequency!oscillaTon!paÄern!besides!|Δm2
31|!

•  Excluded!a!large!region!of!sterile!neutrino!with!|Δm2
41|!<!0.3eV
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PIC 2014 Marino

Matter & CP Effects
• In the presence of matter, the appearance probability changes to

• A has opposite sign for anti-ν.  So even with δ=0,                       
increases while                     decreases for NH, so an apparent CP 
violation.

• For δ≠0, there are additional terms including

• Changes sign for anti-ν. So positive δ will decrease                       and 
increase                    .

8

P (⌫µ ! ⌫e) ' sin2 2✓13 ·
sin2 ✓23
(A� 1)2

· sin2 ((A� 1)�m2
31L/4E)

where A =
p
2GFNe

2E

�m2
31

P (⌫µ ! ⌫e)
P (⌫̄µ ! ⌫̄e)

P (⌫µ ! ⌫e)
P (⌫̄µ ! ⌫̄e)

� |�m2
21|

|�m2
31|

sin � sin 2✓12 sin 2✓13 sin 2✓23 cos ✓13
A(1�A)

sin� sin (A�) sin ((1�A)�)

where � = �m2
31L/4E

Depends on
hierarchy
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Hierarchy and δCP

28

• Includes reactor constraint on θ13

• Preference for negative δ

PIC 2014 Marino

T2K Combined 3-flavor Fit

• Combined 3-flavor fit 
for T2K  νμ 
disappearance and νe 
appearance data

27

T2K Preliminary

PIC 2014 Marino

• L/E scale relevant for recent accelerator beams oscillation effects are 
dominated by m3↔m2 and m3↔m1 mixing 

• νμ Disappearance in a νμ Beam (no matter, no CP)

• νe Appearance in a νμ Beam (no matter, no CP)

• Can also look for appearance of τ neutrinos

• Increasing need for simultaneous 3 flavor fits

Vacuum Oscillation Probability 
7

P (⌫µ ! ⌫e) ' sin2 2✓13 · sin2 ✓23 · sin2 (�m2
31L/4E)

P (⌫µ ! ⌫µ) ' 1� sin2 2✓23 · sin2 (�m2
32L/4E)

PIC 2014 Marino

Beam + Atmospheric Neutrinos

• Combined fit for νμ 
disappearance and νμ->νe 
appearances using NuMI beam 
data and atmospheric neutrinos
‣ Includes anti-neutrino data
‣ 3 flavor fit where Δm232, θ23, 
θ13,  δCP are varied
‣θ13 constrained by reactor 

data

13

Phys Rev Lett 112 191801 (2014)
MINOS oscillation results

Long Base-line Neutrino Experiments Marino



   Neutrinoless (0QEE) Double-Beta Decay 

Lepton number violation 
Not allowed in SM 

T.O’Donnell 

Tornow



EXO:                   T1/2 > 1.1 x 1025 yr  (90% CL) 
Nature,  510, 229 (2014) 
 
 

KamLAND-Zen: T1/2 >  3.1 x 1025 yr  (90%CL) 
                                              very preliminary 
 
GERDA:                  T1/2 > 2.1 x 1025yr  (90% CL) 
PRL, 111, 122 (2013) 

136Xe  WIPP 

136Xe  Kamioka 

76Ge  LNGS 

H.V. Klapdor-Kleinkrothaus et al.  T1/2=1.19 x 1025 yr     Phys. Lett. B 586, 198 (2004) 

GERDA combined with HDM and IGEX: T1/2> 3.0 x 1025 yr 

C.E. Aalseth et al.,  
Phys. Rev. D 65, 092007 (2002) 

H.V. Klapdor-Kleingrothaus et al., 
Eur. Phys. J. A 12, 147 (2001) 

Half-Life Limits 

Look into the Future 
      KamLAND-Zen 
 
            CUORE 
 
        SuperNEMO 
 
              NEXT 
 
              SNO+ 
 
1-tonne 76Ge Experiment 
 
 
 



Add the eEDM  -  Levels Shift, Electron Spin Precesses 
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EDM Measurement Error Budget Sheet

Systematic and statistical errors for rate of angular precession of the electron spin in units
   of mrad/second. 
                                                              1 mrad/s ~ 10-29 e cm

using Eeff = 84 GV/cm, calculated by Skripnikov, Petrov and Titov JCP (2013)
                                                                  and Meyer and Bohn PRA (2008)
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Tensions in the SM Description ?



Counting degrees of freedom

9/17/14B. Casey, muon g-24/29

Byproduct of the Dirac equation is extra degrees of freedom of the electron 
associated with spin

 =

 1

 2

 3

 4

 

 

 
 
 
 
 

 

 

 
 
 
 
 

If we take the non-relativistic limit and try and recover the Pauli equation we 
get an extra factor of 2

With the extra degrees of freedom, g = 2

(Bjorken, Drell)

Brookhaven result

9/17/14B. Casey, muon g-220/29

(g  2) 
2

(BNL)= 0.00116592089(63)

(g  2) 
2

(SM )= 0.00116591802(49)

diff = (287±80)  10 11

0.54 ppm 
uncertainty

0.42 ppm 
uncertainty

2.5 ppm difference

Big effect, 
needs 

confirmation

Self energy

9/17/14B. Casey, muon g-25/29

Also need to include the corrections due to self interactions of the muon with 
its own field

g  2
2

=
 
2 

 0.1%

(Schwinger term)

Predicting g now becomes a question of determining radiative
corrections to the required precision

Electroweak contribution

9/17/14B. Casey, muon g-27/29

Gnendiger, Stockinger, Stockinger-Kim 
PRD 88, 053005 (2013)

(G = longitudinal component of 
gauge boson)

(g  2) 
2

(EW )= 0.000000001536(10)

Calculated analytically to 2nd order and estimated out to 4th order
Recently updated to included measured value of the Higgs mass

This is 10-9 and the leading term is 10-3 so we call this a ppm correction

Very convenient way of thinking about different contributions:
New physics with weak scale masses and weak scale couplings naively 

gives a ppm level correction to muon g-2

Leading hadronic contribution

9/17/14B. Casey, muon g-28/29

2.2.1 Hadronic cont r ibut ion

Thehadronic contribut ion toaµ isabout 60 ppm of thetotal value. Thelowest-order diagram
shown in Fig. 3(a) dominates this contribut ion and its error, but the hadronic light-by-light
contribut ion Fig. 3(e) is also important. We discuss both of these contribut ions below.

Figure3: Thehadronic contribut ion to themuon anomaly, where thedominant contribut ion
comes from the lowest-order diagram (a). The hadronic light-by-light contribut ion is shown
in (e).
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Figure 4: (a) The “cut” hadronic vacuum polarizat ion diagram; (b) The e+ e− annihilat ion
into hadrons; (c) Init ial state radiat ion accompanied by the production of hadrons.

The energy scale for the virtual hadrons is of order mµc2, well below the perturbat ive
region of QCD. However it can be calculated from the dispersion relat ion shown pictorially
in Fig. 4,

ahad;LOµ =
⇣↵mµ

3⇡
⌘2 Z 1

m2⇡

ds
s2
K (s)R(s), where R ⌘ σtot (e+ e− ! hadrons)

σ(e+ e− ! µ+ µ− )
, (8)

using the measured cross sect ions for e+ e− ! hadrons as input, where K (s) is a kinemat ic
factor ranging from 0.4 at s = m2

⇡ to 0 at s = 1 (see Ref. [16]). This dispersion relat ion
relates the bare cross sect ion for e+ e− annihilat ion into hadrons to the hadronic vacuum
polarizat ion contribut ion to aµ. Because the integrand contains a factor of s− 2, the values
of R(s) at low energies (the ⇢resonance) dominate the determination of ahad;LOµ , however
at the level of precision needed, the data up to 2 GeV are very important. This is shown
in Fig. 5, where the left-hand chart gives the relat ive contribut ion to the integral for the
di↵erent energy regions, and the right-hand gives the contribut ion to the error squared on
the integral. Thecontribut ion isdominated by the two-pion final state, but other low-energy

5

Hadronic vacuum polarization

Use analyticity to convert into a 
dispersion relation

Use optical theorem in 
reverse to convert to a 
cross section

Figs from T. Teubner

Dominant 
term:

e

J
e

S��

S��

W

W

S��

S��Q

Use CVC and isospin
to convert to m(S+S0) 
in W�decays

Higher order QCD

9/17/14B. Casey, muon g-212/29

Most relevant term is hadronic light by light scattering

Current knowledge is based on 
combinations of several model dependent 

calculations with error derived from the 
spread in the results

(g  2) 
2

(HLbL)= 0.00000000105(26)

New Experiments
at FNAL

and JPARC

Muon Anomalous magnetic Moment Casey

-

-

-
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into hadrons; (c) Init ial state radiat ion accompanied by the production of hadrons.

The energy scale for the virtual hadrons is of order mµc2, well below the perturbat ive
region of QCD. However it can be calculated from the dispersion relat ion shown pictorially
in Fig. 4,
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using the measured cross sect ions for e+ e− ! hadrons as input, where K (s) is a kinemat ic
factor ranging from 0.4 at s = m2

⇡ to 0 at s = 1 (see Ref. [16]). This dispersion relat ion
relates the bare cross sect ion for e+ e− annihilat ion into hadrons to the hadronic vacuum
polarizat ion contribut ion to aµ. Because the integrand contains a factor of s− 2, the values
of R(s) at low energies (the ⇢resonance) dominate the determination of ahad;LOµ , however
at the level of precision needed, the data up to 2 GeV are very important. This is shown
in Fig. 5, where the left-hand chart gives the relat ive contribut ion to the integral for the
di↵erent energy regions, and the right-hand gives the contribut ion to the error squared on
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The Program II:  Data driven light-by-light

• New detectors installed in KLOE-II to measure outgoing e+e- in two photon collisions

• Can measure transition form factors down to unprecedented q2

• This data can be used to verify the models used to calculate hadronic light-by-light

• Recent workshop held in Mianz produced a draft roadmap for a data driven 
approach to hLbL (arXiv:1407.4021)

• Projections for future improvement do not assume a reduction in uncertainty.  Only a 
more robust uncertainty.  

9/17/14B. Casey, muon g-215/29



Cross section and form factors for elastic e-p
scattering

The cross section:
⇣
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Electric and magnetic radius

Final result from flexible models

D
r2
E

E 1
2
=0.879 ± 0.005

stat. ± 0.004
syst. ± 0.002

model

± 0.004
group

fm,

D
r2
M

E 1
2
=0.777 ± 0.013

stat. ± 0.009
syst. ± 0.005

model

± 0.002
group

fm.
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Proton Radius Bernauer



”Normal” Hydrogen Spectroscopy

1S

2S 2P

3S 3D
4S
8S

L1S = 8171.626(4) + 1.5645
⌦
r2
p
↵

MHz

2S ! 2P

EnS u �R1
n2 + L1S

n3

Two transitions for two unknowns:
Rydberg constant R1
1S Lamb shift =) radius

Direct Lamb shift 2S ! 2P

20

”Normal” Hydrogen Spectroscopy Results

21

The Puzzle

 [fm]
ch

Proton charge radius R
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

H spectroscopy

scatt. Mainz

scatt. JLab

p 2010µ

p 2013µ electron avg.
σ7.9 

From the 2014 Review of Particle Physics
Until the difference between the e p and µp values is
understood, it does not make sense to average the values
together. For the present, we give both values. It is up to
the workers in this field to solve this puzzle.

26

Muonic Hydrogen Spectroscopy Results

Result
Two semi-independent measurements
Consistent results
rp = 0.84049(39) fm

25

Solutions?

µp experiment wrong?
internal consistency
4 linewidths!

ep experiments wrong
Scattering AND H-spectroscopy wrong
Scattering: Many extractions agree, some don’t.
H-spectroscopy: most measurements from one group.

Theory wrong?
Checked throughly.
But maybe framework is wrong?

Everybody is right?
New physics!

34



Test of Fundamental Properties



Measurement Type System Coefficients log Sensitivity Source

oscillations K (averaged) a (d, s) —20 E773

Kostelecký

K (sidereal) a (d, s) —21 KTeV

D (averaged) a (u, c) —16 FOCUS

D (sidereal) a (u, c) —16 FOCUS

B (averaged) a (d, b) —16 BaBar, BELLE,

DELPHI, OPAL

neutrinos a, b, c, d —19 to —26 SuperK

Kostelecký, Mewes

birefringence photon kAF (CPT odd) —43 Carroll, Field, Jackiw

kF (CPT even) —32 to  —37 Kostelecký, Mewes

resonant cavity photon kF (CPT even) —17 Muller et al.

anomaly frequency e-/e+ b (e) —23 Dehmelt et al.

e- (sidereal) b, c, d (e) —23 Mittleman et al.

mu/anti-mu b (mu) —22 Bluhm, Kostelecký, Lane

cyclotron frequency H-/anti-p c (e, p) —26 Gabrielse et al.

hyperfine structure H (sidereal) b, d (e, p) —27 Walsworth et al.

muonium (sid.) b, d (mu) —23 Hughes et al.

clock comparison various b, c, d (e, p, n) —22 to —30 Kostelecký, Lane

He-Xe b, d (n) —32 Bear et al.

Cane et al.

torsion pend. spin-polarized

solid

b, d (e) —29 Heckel et al.

Hou et al.

gamma-ray

astronomy

e- /photons c, d (e) —15 to —20 Altschul
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The Lagrange density for a Lorentz-violating

free Fermion theory is:

a, b, e, f, and g also violate CPT.

A separate set of coefficients will exist for

every elementary particle in the theory.

The most sensitive accelerator tests of

Lorentz symmetry involve CPT tests with

neutral mesons.

CPT-violating quantities, such as the

mass difference are controlled by the phase

[Kostelecký, PRL 80, 1818 (1998)]

The dependence on the meson velocity has

important consequences.

( )'
L S

q q

K

K K

v a a

m m

µ µ
µ

! "
#

$
#

0 0
K K!

At high energies, the c -type Lorentz violation

mentioned earlier is the most important.

(Its effects grow as    .)

Neglecting higher order corrections, the

maximum electron velocity in a direction    is:

0
ˆ ˆ ˆ1 jk j k j jv c e e c e< ! !

This turns out to have readily measurable

consequences.

2!

ê

Lorentz Symmetry Violation

Synchrotron Emission Bounds

[BA, PRL 96, 201101 (2006); PRD 72, 085003 (2005); 74, 083003 (2006)]

Some of the effects of Lorentz violation

should become more important at high

energies, so it is natural to look for their

effects on astrophysics, where the very

highest energies are available.

(Other astrophysical bounds may make use

of the extremely large distances available, to

magnify small light propagation effects.)

Altschul

Experiments at higher energies are more

sensitive, even when they apparently have

the same sensitivity to the               mass

difference.

The rate of CPT violation also generally

depends on the meson direction, and so will

change as the Earth-based laboratory

rotates.

CPT violation has been searched for in

neutral K, D, and B meson systems, using

both time-averaged and day-night

asymmetry measurements.

0 0
K K!Mass Diff.
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nucleon distributions for 3 single collisions (xy-plane)

-10 -5 0 5 10

-10

-5

0

5

10

-10 -5 0 5 10

-10

-5

0

5

10

not just v2 describing cos2Φ, but vn:

dN
d�

/ 1 + 2v
2

cos 2 (��  
2

) (1)

dN
d�

/ 1 + 2v
2

cos 2 (��  
2

) + 2v
3

cos 3 (��  
3

) + . . . (2)

dN
d�

/ 1 +
n

Â 2vn cos n (��  n) (3)

�� ⌘ �A ��B (4)

"
2

=

p
hr2

cos 2�i2 + hr2

sin 2�i2

hri2

(5)

"
3

=

p
hr3

cos 2�i2 + hr3

sin 2�i2

hri3

(6)

dNAB
d��

/ 1 +
n

Â 2vn,Avn,B cos (n��) (7)

dN
d�

= 1 + 2v
2

cos 2� (8)

1

-10 -5 0 5 10

-10

-5

0

5

10

state of the art hydrodynamic calculations

15Gale, Jeon, Schenke, Tribedy, Venugopalan PRL 110 012302

u!T
!"
CYM ¼ "u", using the fact that u! is a timelike eigen-

vector of T!"
CYM and satisfies u2 ¼ 1.

Other important details of our analysis are as follows.
Unless otherwise noted, #switch ¼ 0:2 fm=c. We employ
the s95p-PCE equation of state, obtained from fits to
lattice quantum chromodynamics (QCD) results and a
hadron resonance gas model [30], with partial chemical
equilibrium (PCE) setting in below a temperature TPCE ¼
150 MeV. Kinetic freeze-out occurs at TFO ¼ 120 MeV.
At this temperature, we implement the Cooper-Frye pre-
scription [31] for computing particle spectra. Unless other-
wise noted, shown results include decays from resonances
of masses up to 1.3 GeV.

A novel feature of our study is the determination of
centrality classes using the multiplicity distribution of
gluons much like the procedure followed by the heavy
ion experiments [32]. The gluon multiplicity distribution
is shown in Fig. 1. Centrality classes are determined from
the fraction of the integral over this distribution, beginning
with integrating from the right. As a consequence of
implementing this centrality selection, we properly
account for impact parameter and multiplicity fluctuations.

Because entropy is produced during the viscous hydro-
dynamic evolution, we need to adjust the normalization of
the initial energy density commensurately to describe the
final particle spectra [33]. The obtained pT spectra of

pions, kaons, and protons are shown for 0%–5% central
collisions at

ffiffiffi
s

p ¼ 2:76 TeV=nucleon, using the shear vis-
cosity to entropy density ratio $=s ¼ 0:2, in Fig. 2, and
compared to data from ALICE [34]. The results are for
averages over only 20 events in this case, but statistical
errors are smaller than the linewidth for the spectra.
Overall, the agreement with experimental data is good.
However, soft pions at pT < 300 MeV are underestimated.
We determine v1 to v5 in every event by first determin-

ing the exact event plane [35,36]

c n ¼
1

n
arctan

hsinðn%Þi
hcosðn%Þi ; (1)

and then computing

vnðpTÞ ¼ hcosðnð%$ c nÞÞi

%
R
d%fðpT;%Þ cosðnð%$ c nÞÞR

d%fðpT;%Þ ; (2)

where fðpT;%Þ are the thermal distribution functions with
viscous corrections obtained in the Cooper-Frye approach
(with additional contributions from resonance decays).
We first present the root-mean-square (rms) vnðpTÞ for

10%–20% central collisions and compare to experimental
data from the ATLAS Collaboration [4] in Fig. 3.
Agreement for v2–v5 is excellent. Note that the vn from
the experimental event-plane method used by ATLAS
agree well with the rms values [37]. We also find excellent
agreement over the whole studied centrality range when
comparing the pT-integrated rms v2, v3, and v4 to the
available vnf2g (obtained from two-particle correlations,
corresponding to the rms values) from the ALICE
Collaboration [3], as shown in Fig. 4.
We studied the effect of initial transverse flow included

in our framework by also computing vnðpTÞ with u! set to
zero at time #switch. The effect on hadron anisotropic flow
turns out to be extremely weak—results agree within sta-
tistical errors. Because photons are produced early on in
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FIG. 1 (color online). Gluon multiplicity distribution in the
IP-Glasma model.
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FIG. 2 (color online). Identified particle transverse momentum
spectra including all resonances up to 2 GeV compared to
experimental data from the ALICE Collaboration [34].
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FIG. 3 (color online). Root-mean-square anisotropic flow co-
efficients hv2

ni1=2 as a function of transverse momentum, com-
pared to experimental data by the ATLAS Collaboration using
the event plane (EP) method [4] (points). 200 events. Bands
indicate statistical errors. Experimental error bars are smaller
than the size of the points.
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the collision, we expect a greater effect on photon aniso-
tropic flow; this will be examined in a subsequent work.
We emphasize that preequilibrium dynamics that is not
fully accounted for may still influence the amount of initial
transverse flow.

The effect of changing the switching time from !switch ¼
0:2 fm=c to !switch ¼ 0:4 fm=c is shown in Fig. 5. Results
agree within statistical errors, but tend to be slightly lower
for the later switching time. The nonlinear interactions of
classical fields become weaker as the system expands and
therefore Yang-Mills dynamics is less effective than hydro-
dynamics in building up flow at late times. Yet it is reassur-
ing that there is a window in time where both descriptions
produce equivalent results.

Because a constant "=s is at best a rough effective mea-
sure of the evolving shear viscosity to entropy density ratio,
we present results for a parametrized temperature dependent
"=s, following [38]. We use the same parametrization (HH-
HQ) as in Ref. [38,39] with a minimum of ð"=sÞðTÞ ¼ 0:08
at T ¼ 180 MeV, approximately at the crossover from
quark-gluon plasma to hadron gas in the used equation of

state. The result, compared to "=s ¼ 0:2 is shown for
20%–30% central collisions in Fig. 6. The results are indis-
tinguishable when studying just one collision energy. The
insensitivity of our results to two very different functional
forms may suggest that the development of flow is strongly
affected at intermediate times when"=s is very small. Also,
since second order viscous hydrodynamics breaks down
when!#$ is comparable to the ideal terms, our framework
may be inadequate for too large values of "=s.
We compare results for top RHIC energies, obtained

using a constant "=s ¼ 0:12, which is about 40% smaller
than the value at LHC, to experimental data fromSTAR [40]
and PHENIX [1] in Fig. 7. The data arewell described given
the systematic uncertainties in both the experimental and
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ni1=2, computed as a function of centrality, compared
to experimental data of vnf2g, n 2 f2; 3; 4g, by the ALICE
Collaboration [3] (points). Results are for 200 events per central-
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the collision, we expect a greater effect on photon aniso-
tropic flow; this will be examined in a subsequent work.
We emphasize that preequilibrium dynamics that is not
fully accounted for may still influence the amount of initial
transverse flow.

The effect of changing the switching time from !switch ¼
0:2 fm=c to !switch ¼ 0:4 fm=c is shown in Fig. 5. Results
agree within statistical errors, but tend to be slightly lower
for the later switching time. The nonlinear interactions of
classical fields become weaker as the system expands and
therefore Yang-Mills dynamics is less effective than hydro-
dynamics in building up flow at late times. Yet it is reassur-
ing that there is a window in time where both descriptions
produce equivalent results.

Because a constant "=s is at best a rough effective mea-
sure of the evolving shear viscosity to entropy density ratio,
we present results for a parametrized temperature dependent
"=s, following [38]. We use the same parametrization (HH-
HQ) as in Ref. [38,39] with a minimum of ð"=sÞðTÞ ¼ 0:08
at T ¼ 180 MeV, approximately at the crossover from
quark-gluon plasma to hadron gas in the used equation of

state. The result, compared to "=s ¼ 0:2 is shown for
20%–30% central collisions in Fig. 6. The results are indis-
tinguishable when studying just one collision energy. The
insensitivity of our results to two very different functional
forms may suggest that the development of flow is strongly
affected at intermediate times when"=s is very small. Also,
since second order viscous hydrodynamics breaks down
when!#$ is comparable to the ideal terms, our framework
may be inadequate for too large values of "=s.
We compare results for top RHIC energies, obtained

using a constant "=s ¼ 0:12, which is about 40% smaller
than the value at LHC, to experimental data fromSTAR [40]
and PHENIX [1] in Fig. 7. The data arewell described given
the systematic uncertainties in both the experimental and
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characterizing the fluid

• large v2 → viscosity is small

8

Viscosity in Strongly Interacting Quantum Field Theories from Black Hole Physics
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The ratio of shear viscosity to volume density of entropy can be used to characterize how close a given
fluid is to being perfect. Using string theory methods, we show that this ratio is equal to a universal value
of !h=4!kB for a large class of strongly interacting quantum field theories whose dual description involves
black holes in anti–de Sitter space. We provide evidence that this value may serve as a lower bound for a
wide class of systems, thus suggesting that black hole horizons are dual to the most ideal fluids.

DOI: 10.1103/PhysRevLett.94.111601 PACS numbers: 11.10.Wx, 04.70.Dy, 11.25.Tq, 47.75.+f

Introduction.—It has been known since the discovery of
Hawking radiation [1] that black holes are endowed with
thermodynamic properties such as entropy and tempera-
ture, as first suggested by Bekenstein [2] based on the
analogy between black hole physics and equilibrium ther-
modynamics. In higher-dimensional gravity theories there
exist solutions called black branes, which are black holes
with translationally invariant horizons [3]. For these solu-
tions, thermodynamics can be extended to hydrodynam-
ics—the theory that describes long-wavelength deviations
from thermal equilibrium [4]. In addition to thermody-
namic properties such as temperature and entropy, black
branes possess hydrodynamic characteristics of continuous
fluids: viscosity, diffusion constants, etc. From the perspec-
tive of the holographic principle [5,6], a black brane cor-
responds to a certain finite-temperature quantum field
theory in fewer number of spacetime dimensions, and the
hydrodynamic behavior of a black-brane horizon is iden-
tified with the hydrodynamic behavior of the dual theory.
For these field theories, in this Letter we show that the ratio
of the shear viscosity to the volume density of entropy has a
universal value

"
s

! !h
4!kB

" 6:08# 10$13K s: (1)

Furthermore, we shall argue that this is the lowest bound on
the ratio "=s for a wide class of thermal quantum field
theories.

Viscosity and graviton absorption.—Consider a thermal
field theory whose dual holographic description involves a
D-dimensional black-brane metric of the form

ds2 ! g%0&MNdx
MdxN

! f%#&%dx2 ' dy2& ' g$%%#&d#$d#%:
(2)

[The O%2& symmetry of the background is required for the
existence of the shear hydrodynamic mode in the dual
theory, thus making the notion of shear viscosity mean-
ingful.] One can have in mind, as an example, the near-
extremal D3-brane in type IIB supergravity, dual to finite-

temperature N ! 4 supersymmetric SU%Nc& Yang-Mills
theory in the limit of large Nc, and large ’t Hooft coupling
[7–10],

ds2 ! r2

R2

!

$
"

1$ r40
r4

#

dt2 ' dx2 ' dy2 ' dz2
$

' R2

r2%1$ r40=r
4& dr

2; (3)

but our discussion will be quite general. All black branes
have an event horizon [r ! r0 for the metric (3)], which is
extended along several spatial dimensions [x, y, z in the
case of (3)]. The dual field theory is at a finite temperature,
equal to the Hawking temperature of the black brane.

The entropy of the dual field theory is equal to the
entropy of the black brane, which is proportional to the
area of its event horizon,

S ! A
4G

; (4)

where G is Newton’s constant (we set !h ! c ! kB ! 1).
For black branes A contains a trivial infinite factor V equal
to the spatial volume along directions parallel to the hori-
zon. The entropy density s is equal to a=%4G&, where a !
A=V.

The shear viscosity of the dual theory can be computed
from gravity in a number of equivalent approaches [11–
13]. Here we use Kubo’s formula, which relates viscosity
to equilibrium correlation functions. In a rotationally in-
variant field theory,

" ! lim
!!0

1

2!

Z

dtdxei!th(Txy%t;x&; Txy%0; 0&)i: (5)

Here Txy is the xy component of the stress-energy tensor
(one can replace Txy by any component of the traceless part
of the stress tensor). We shall now relate the right-hand side
of (5) to the absorption cross section of low-energy
gravitons.

According to the gauge-gravity duality [10], the stress-
energy tensor T$% couples to metric perturbations at the
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II.2 – pp, pA, AA : deDning some notions…

1. - p
T
 spectra :

2. - Yields :

3. - R
AA

 (p
T
) =

To be measured
in pp, pA,  AA

(1 /N evt

AA) d 2
N
AA/ dpT dy

〈N coll 〉 (1/N evt

pp) d 2
N

pp /dpT dy

1

N evt

d
2
N

dpT dy
= f ( pT )

1/N evt dN / dy

Notes : → R
AA

  = 1, nothing special in AA ..
e.g. direct photons, W±, Z0

→ R
AA

 > 1,  enhancement in the AA system
e.g. strange baryons Λ, Ξ, Ω at low momenta (p

T
 < 3 GeV/c)

→ R
AA

 < 1, suppression in the AA system
e.g.  h±, π, K, p, Λ, D, J/ψ at mid/high p

T
 (p

T
 > 3-5 GeV/c)

“1 x (Pb–Pb) ≠ n x (pp) ?” ...

☒ for Referee Session / ☑for Open Session
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III.A.1 – Open charm : incl. D0+D0, from 0 pT, by STAR
D0(1.865 GeV/c²) → K–  π+

|y| < 1
0 < p

T
 < 6 GeV/c

2010, 2011 pp, Au-Au √s
NN

 = 200 GeV 
no Silicon tracker, just TPC and TOF...

● Suppression for p
T
(D0) > 2.5 GeV/c

● R
AA

 ≥ 1 for p
T
(D0) ~ 1.5 GeV/c

STAR, http://arxiv.org/abs/1404.6185
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Four main Higgs production modes

4

Relative production cross-section 
of 125 GeV Higgs at 8 TeV

1% rest
(incl. ttH)

σtotal = 22 pb
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VBF
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t HggF
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q V
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H
qVH

g
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t H
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t
ttH

gluon-fusion

vector boson fusion

WH/ZH production

ttH production

These are extra 
handles for Higgs

back-to-back

1.

2.

3.

4.

V = W, Z ∆σggF = 3 pb (15%)

∆σVBF = 60 fb (4%)

xsec values from: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV

τ
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τ
b.

H
ɣ

ɣ

loop
d.

H
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Five main decay channel of Higgs

6

These channels have clean or 
manageable backgrounds

ττ   6%
cc  ZZ*

1% rest 
(0.2% γγ)

57%
via loop

21%
gg  9%

3%
3%

H
W

W

H
b

b

mH = 125 GeV

Branching ratio of Higgs of 125 GeV

BR values from: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR3

H
Z

Z
c.

b
H

b
e.

Five decays

Bosonic coupling
Fermionic coupling
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Mass measurement
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123 124 125 126 127
ATLAS

Disclaimer: data points generated by 
spreadsheet software for visualization purpose

H→ZZ

H→ɣɣ

Comb.

Comb.

H→ZZ

H→ɣɣ

2σ difference

1.6σ difference 
the other way

arXiv:1406.3827

CMS-PAS-HIG-14-009

[GeV]

Some tension between measurements but 
overall in agreement around ~125 GeV

125.98 ± 0.42stat ± 0.28syst
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Indirect Higgs width measurement

11

New physics can alter ΓH  hence 
important quantity to measure!

arXiv:1307.4935
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Dissecting by decay channels
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Dissecting Bosonic and Fermionic production mode
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H  → tt, S/B plots
➢ Event distributions in bins of signal to 

background ratio are shown  

Fermionic Decay Channels Pozdnyakov



New Physics Searches

Are there New Particle/Forces at the Weak Scale ?



Physik-Institut

Clemens Lange - Beyond SM Higgs18.09.2014

heavy neutral Higgs: ɸ➞ττ

8

> interpretation in several scenarios taking Higgs @ 125 GeV into account 

>mh
mod+ scenario better suited than mh

max for known Higgs mass (see Eur.Phys.J. 
C73 (2013) 2552) 

>very low tanβ upper limits for low Higgs masses!

Submitted to JHEP (arXiv:1408.3316)

ATLAS-CONF-2014-049

Lange



18.09.2014 Clemens Lange - Beyond SM Higgs

Physik-Institut

heavy H ➞ hh ➞ bbɣɣ

>hh ➞ bbɣɣ: selection similar to SM 
Higgs analyses 

>mass constraint (CMS)/mass window 
(ATLAS) on bb candidate using 
known H(125) mass 
! suppress SM continuum 

>ATLAS: search also for non-resonant 
hh production 
! observe 2.4σ excess compatible e.g. with a 

type I 2HDM 

>resonant searches do not show 
deviation from SM expectations 
! ATLAS range up to 500 GeV 

! CMS 260-400 and 400-1100 GeV 

! exclude radions with m < 970 GeV 

! exclude RS1 KK-graviton from 340-400 GeV

12
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arXiv:1406.5053 (submitted to PRL)
CMS-PAS-HIG-13-032

Lange



Physik-Institut

Clemens Lange - Beyond SM Higgs18.09.2014
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lepton flavour violating Higgs

>observed upper limit of BR(H➞µτ) of ~1.5% 

>best fit yields BR(H➞µτ) = (0.89 ± 0.39)% - small excess of 2.5σ, still compatible with 0 

>4.4⨉ improvement of limits w.r.t. indirect measurements 

>best limits on flavour-violating τµ Yukawa couplings to date
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CMS-PAS-HIG-14-005

Lange



Zoltan Gecse  (UBC)

Summary of Stop (No Chargino in Decays)

16

Stop mass > ~700 GeV

Stronger sensitivity than light flavor due to richer signature

Gaps in sensitivity when neutralinos don’t get boost resulting in no MET

Supersymmetry Searches
Gecse



Zoltan Gecse  (UBC)

Scenarios with Decoupled Sleptons

• Natural scenarios

• Sensitivity up to ~400 GeV charginos and heavy neutralinos

• 2L+2j covers scenarios with large mass gap, while 3L  has sensitivity for most of the parameter 
space 

• best sensitivity from statistical combination of results from various searches

21

arXiv:1402.7029
arXiv:1403.5294

Gecse



Zoltan Gecse  (UBC)

• Very challenging due to low BR of the Higgs into lepton final states, and high background 
when Higgs decays into b-quarks

Higgs Boson as Probe for EWK SUSY

23

arXiv:1405.7570

3L+SS+1L2b

Gecse



Scalar Leptoquarks (1/2) 

9/18/2014 19 Limits on 1st gen scalar LQ mass: 1.01 TeV (β=1) 
ATLAS limit: 660 GeV (7TeV, 1.03 fb-1 for  β=1) 

More data seen for 
MLQ=650 selection 

eejj channel 
β=0.075 

eνjj channel 
β=0.075 

1st gen LQ Æ eνqq or eeqq 

Maruyama

9/18/2014 17 

• SM structure suggests fundamental relationship between leptons and 
quarks 
• LQs can arise from SU(5) grand unification, SU(4) Pati-Salam, and E6 

• LQs are scalar or vector bosons carrying lepton number, color and 
fractional electric charges 

• Measurements on FCNC, Lepton family number violation, and other rare 
decays favor LQ decay within the same generation 

• BR(LQ Æ charged lepton  plus quark)  =  β 
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6 Results
The dilepton mass distributions and the results of the fit in the central and forward signal
regions are shown in Fig. 2. Table 2 presents a summary of the results of the fit. A signal yield
of 126± 41 (22± 20) is obtained when evaluating the signal hypothesis in the central (forward)
region, with an edge located at 78.7 ± 1.4 GeV. The ”local” p-value is 0.009 and is evaluated
using �2 ln Q, where Q denotes the ratio of the fitted likelihood value for the signal-plus-
background hypothesis to the background-only hypothesis for the case where the edge position
is fixed to the observed value. This p-value is interpreted as the one-sided tail probability of a
Gaussian distribution, corresponding to a significance of 2.4 standard deviations (s). This result
does not account for the so-called look elsewhere effect, which would lower the significance of
the signal.

Alternative flavor-symmetric background shapes have been tested, consisting of the sum of
three Gaussian distributions as an additional analytical shape as well as binned and smoothed
histograms taken from the opposite-flavor events. Consistent results are observed in all cases.

Table 2: Results of the unbinned maximum likelihood fit for event yields in the signal regions.
The quoted uncertainties are calculated using MINOS [27] and take into account statistical and
systematic effects.

Central Forward
Drell–Yan 158 ± 23 71 ± 15
Flav. Sym. [OF] 2270 ± 44 745 ± 25
RSF/OF 1.03 1.02
Signal events 126 ± 41 22 ± 20
medge

`` [GeV] 78.7 ± 1.4
Local Significance [s] 2.4

Besides the maximum-likelihood fit described above, we perform a counting experiment in the
mass window 20 < m`` < 70 GeV, with no assumption about a particular signal shape. Fig-
ure 3 shows the invariant mass distributions for the signal candidate sample and the estimated
background with 5 GeV binning. For the background prediction, the OF yield in the signal mass
window is multiplied by RSF/OF and the prediction for backgrounds containing a Z boson in
the peak mass window is multiplied by Rout/in.

The results are summarized in Table 3. The significance of the difference between the observed
number of events and the estimated number of SM background events is evaluated using a
profile likelihood asymptotic approximation [28]. The local significance of the excess in the
central region evaluated with this procedure is 2.6 standard deviations.

Figure 4 compares data and SM simulation for the central signal region. The benchmark signal
process of bottom-squark pair (b̃b̃⇤) production described in Section 3 is included in the com-
parison. Shown are three benchmark points with combinations of mb̃ and mc̃0

1
of 225 GeV and

150 GeV, 350 GeV and 275 GeV, and 400 GeV and 150 GeV.

7 Summary
We have presented a search for physics beyond the standard model in the opposite-sign same-
flavor dilepton final state using a data sample of proton-proton collisions collected at a center-
of-mass energy of 8 TeV, corresponding to an integrated luminosity of 19.4 fb�1, recorded with

Edge in the Invariant Mass distribution of 
Same Flavor, Opposite Sign, leptons

χ χ
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tt̄ Resonance Search (all-hadronic)s
Ldt = 4.7 fb≠1,

Ôs = 7 TeV ATLAS [JHEP 01(2013) 116]s
Ldt = 19.6 fb≠1,

Ôs = 8 TeV CMS [CMS PAS B2G-12-005]

Simple dijet event structure
∆ Require two top tagged large-R jets
More sophisticated taggers needed against multi-jet bkgr

ATLAS
HEPTopTagger (moderate pT )
Top Template Tagger (high pT )

CMS
CMS Top Tagger
Combination with 1¸+jets chan-
nel in [CMS-B2G-13-001]
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(Harris, et. al.)

-1 = 8 TeV, 19.6 fbsCMS Preliminary, 
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Boosted Signatures (1)
Boosted means transverse momentum & 2 times mass
Decay products collimated in direction of mother particle
Angular separation �R(a, b)* for products of boosted decay X æ a b

Rule of thumb

�R(a, b) ¥ 2mX /pX
T

ATLAS-CONF-2012-065 ATLAS-CONF-2012-065

*�R(a, b) =


�÷(a, b) + �„(a, b)
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Dark Matter



R.#W.#Ogburn# PIC2014# September#20,#2014#

We also have a Standard Model#
All#the#data#agree#to#amazing#
precision#with##the#concordance#
cosmological#model#known#as#
“ΛCDM”.##Just#six#parameters#
needed#to#fit#the#CMB#data.##

Figure:'ESA/Planck'Collabora=on,'h@p://sci.esa.int/jump.cfm?oid=51555'

Figure:'NASA'

Ogburn



heat.
charge

Underground detector

Dark Matter Search in Direct Detection Experiments 
It can collide with a single nucleus in your detector (which you observe)

COUPP

CDMS

XENON, LUX

also GoGeNT
        DAMIC
        DarkSide



Direct Dark Matter Detection
McKinsey



Galactic Halo      Fermi LAT Interpretation  

-> Upper limits on <σv> 
 with or without 
background subtraction 
 

Dark Matter density distribution 
(NFW profile) 

 Fermi Coll., 2012, ApJ, 761, 91 

Gamma spectrum – Mwimp=250 GeV  

12 

Lees-Rosier



Positron plus Electron flux (1) : AMS02 1 TeV                   
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 If 100% WIMP DM origin: different masses are tested    

MicrOmegas
  

•  Low 
masses 
are 
disfavored 
(Energy 
cut off)  

•  Large 
masses 
are 
disfavored 
(very high 
boost 
factor)  

 

Dark Matter origin of positron fraction rise  

! AMS data 
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Channels e(10%), µ(30%), o(45%), b(55%),  mr = 500 [GeV],  <mv> = 8.70e-24 [cm3 s-1],  r2
d.o.f  = 0.84
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One good candidate for Mχ=500  GeV$

Mathieu BOUDAUD et al,  LAPTh and LAPP 

Dark Matter and Cosmic Rays
Lees-Rosier/ D’Urso



Energy!Spectrum!

33!

TA(
Astropart.)Phys.)48)(2013))16(

Auger(
ICRC)2013)

Both!experiments!see!spectral!
structure:!
!
Flux!suppression!(GZK?)!
Interac8on!or!source!scenario?!
!
The!“ankle”'
'
!'''(structures'in'the'same'place)'

Indirect'DetecAon'

The!“GZK!Cutoff”!

32!

p'+''γ'(2.7oK)''→'Δ+''→'p'+'πo'',''n'+'π+'','…!

The!proton!energy!threshold!for!pion!photoproduc8on!on!the!
CMB!is!a!few'x'1019'eV.!!E.g.,!

1.!!Any!observed!CR!proton!above'this'energy!must!
have!originated!“nearby”!!(within!~!100!Mpc)!
!
2.!!Similar!thresholds,!distances!for!nuclear!
photodisintegra8on.!!
!
3.!!Spectrum!suppressed!if!nonBlocal!sources!

16B20!September!2014! XXXIV!PHYSICS!IN!COLLISION!

Indirect'DetecAon'

D’Urso



37$

•  Added$one$more$year$of$data$and$8$new$
events$

•  Reject$purely$background$hypothesis$at$5.7$σ"

•  The$data$are$consistent$with$expecta[ons$for$
equal$fluxes$of$all$three$neutrino$flavors$$

•  And$with$isotropic$arrival$direc[ons,$
sugges[ng$either$numerous$or$spa[ally$
extended$sources$$

XXXIV$PHYSICS$IN$COLLISION,$SEPTEMBER$16520,$2014,BLOOMINGTON,$IN,$USA$

Deposited Energy and Arrival Angle 

38$XXXIV$PHYSICS$IN$COLLISION,$SEPTEMBER$16520,$2014,BLOOMINGTON,$IN,$USA$

Seunarine
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BICEP2#B^mode#Power#Spectrum#

B^mode#power#spectrum#

temporal#split#jackknife#

lensed^ΛCDM##

r=0.2#
B^mode#power#spectrum#esDmated#directly#

from#Q&U#maps,#including#map#

based#“purificaDon”#to#avoid#E→B#mixing#

#

Consistent#with#lensing#expectaDon#

at#higher#l.#

#

At#low#l#excesses#over#lensed^ΛCDM#at#high#

signal^to^noise.#

#

For#the#hypothesis#that#the#measured#band#

powers#come#from#lensed^ΛCDM#we#find:#

#

#

PTE#

significance#

R.#W.#Ogburn# PIC2014# September#20,#2014#

Search#for#InflaDonary#B^modes#

In#simple#inflaDonary#
gravitaDonal#wave#models#the#
#

tensorMtoMscalar!raDo!r!
#
is#the#only#parameter#to#the#B^
mode#spectrum.#
#
Up#to#now:#just#upper#limits#
from#searches#for#InflaDonary#B^
modes#
#
Best#limit#on#r#from#BICEP1:#

##
#r!<!0.7!(95%!CL)!

#
At#high#mulDpoles#lensing#B^
mode#dominant.#
#
Slow#roll#inflaDon:#

'r'≈16εV'≈−8nt##
#
#

Polarbear#
SPT#x^corr#

SPT#x^corr:#lower#limits#on#lensing#B^mode#
from#cross#correlaDon#using#the#CIB#

#

R.#W.#Ogburn# PIC2014# September#20,#2014#

Constraint#on#Tensor^to^scalar#RaDo#r#
SubstanDal#excess#power#in#the#region#where#the#inflaDonary#
gravitaDonal#wave#signal#is#expected#to#peak#
#
Find#the#most#likely#value#of#the#tensor^to^scalar#raDo#r#
#
Apply#“direct#likelihood”#method,#uses:##
→ #lensed^ΛCDM#+#noise#simulaDons##
→# #weighted#version#of#the#5#bandpowers#
→ #B^mode#sims#scaled#to#various#levels#of#r#(nT=0)#

UncertainDes#here#include##
sample#variance#at#r=0.2#

#best#fit#

r#=#0.2#with#uncertainDes#dominated#by#
sample#variance#
#
PTE#of##fit#to#data:#0.9#
→#model#is#perfectly#acceptable#fit#to#the#data#
#

r=0#ruled#out#at#7.0σ#

Within#this#simplisDc#model#we#find:#

Ogburn

R.#W.#Ogburn# PIC2014# September#20,#2014#

Tests#of#inflaDon#

•  Flatness#
•  Very#large^scale#features#(horizon#problem)#
•  Scale#invariance#
•  AdiabaDc#perturbaDons#
•  Nongaussianity#
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Current Dark Energy Constraints from 
Supernovae, CMB, and Large-scale 

Structure 

Betoule et. al 2014 

Assuming constant w             Assuming w=w0+wa(1-a) 

Consistent with vacuum energy (Λ): w0=−1,  wa=0  

Gerdes

Dark Energy Survey will provide a detailed study of DE properties



Many possible Extensions of the Standard Model

Physics Explanations have different properties. 

Is this bad ?



Reasons for Proposal and Later 
Solutions to 4 Puzzles 
!  1) Klein Paradox --apparent violation of unitarity 

(solution:positron existence- pair production 
possible) 

!  2) Wrong Statistics in Nuclei--N-14 nucleus  
appeared to be bosonic--(solution: neutron not a 
proton-electron bound state) 

!  3) Beta Ray Emission-apparent Energy non 
conservation (solution:neutrino) 

!  4) Energy Generation in Stars (solution: nuclear 
forces, pep chain, carbon cycle etc.----pion) 

(1932)

from G. Segre’10
Friday, November 2, 2012



The Near Future

The current decade will see the full development of the LHC program, which 
will provide detailed information of physics at the TeV scale.

Origin of fermion and gauge boson masses (electroweak symmetry breaking 
dynamics) expected to be revealed by these experiments. Higgs Discovery is 
the first step.

Missing energy signatures at the LHC may reveal one or more dark matter 
candidates. Direct and indirect detection experiments will reach maturity, and 
may lead to additional evidence of Dark Matter. Dark Energy equation of state 
may be determined.

Tevatron, LHC, LHCb and super B-factories will provide accurate information 
on flavor physics, leading to complementary information on new physics.

Friday, November 2, 2012



The Near Future 

Search for charged lepton number violation, g-2 of the muon and neutrino-less 
double beta decay experiments could shed light on the nature of neutrinos, and 
new dynamics at the TeV scale. 

Neutrino oscillation experiments lead to the observation of CP-violation or, 
indirectly, to the existence of additional sterile neutrinos.

The Linear Collider is built, helping to do precision measurements of the Higgs 
properties and search for weakly interacting particles. 

Muon Collider construction may start at Fermilab.  

The next 10 to 20 years can mark the beginning of a genuine new era in physics, 
similar to the one that led to the successful SMs of particle physics and 

cosmology, which arguably started about 100 years ago.   

Friday, November 2, 2012
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indirectly, to the existence of additional sterile neutrinos.

The Linear Collider is built, helping to do precision measurements of the Higgs 
properties and search for weakly interacting particles. 

Muon Collider construction may start at Fermilab.  

The next 10 to 20 years can mark the beginning of a genuine new era in physics, 
similar to the one that led to the successful SMs of particle physics and 

cosmology, which arguably started about 100 years ago.   
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Stay Tuned for PIC 2015 !

Electric dipole moments may reveal the existence of new CP-
violating sources, perhaps connected to baryogenesis at the weak 
scale.






