
From Tuesday: Summary
•Summary: the Standard Model is our current model for particle 

physics.  But it doesn’t explain all observations.

Highly suggested reading:

•Tuesday’s lecture: Griffiths 1.1 -1.5

•Today’s Lecture: Griffiths chapters 2 
& 6
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Particle Physics in 2012

Three big results of the year were:

★Discovery of a new boson, very probably the Higgs boson!

★A first measurement of BS→µ+µ−

★A measurement of neutrino mixing angle sin θ13
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Observation of BS→µ+µ−

•By LHCb experiment at CERN 

•Measured Branching Ratio is         
BR(BS→µ+µ−) = (3.2 ±1.5 1.2) × 10−9

•Compatible with the prediction of 
the Standard Model

•Better measurements could limit 
the contributions from non-
Standard Model processes

reference: http://arxiv.org/abs/1211.2674

TABLE I. Expected and observed limits on the B0 →
µ+µ−

branching fractions for the 2012 and for the combined

2011+2012 datasets.

Dataset Limit at 90% CL 95% CL

2012 Exp. bkg+SM 8.5× 10
−10

10.5× 10
−10

Exp. bkg 7.6× 10
−10

9.6× 10
−10

Observed 10.5× 10
−10

12.5× 10
−10

2011+2012 Exp. bkg+SM 5.8× 10
−10

7.1× 10
−10

Exp. bkg 5.0× 10
−10

6.0× 10
−10

Observed 8.0× 10
−10

9.4× 10
−10

nents is also evaluated for the 2011 dataset, modifying
the number of expected combinatorial background in the
signal regions. The results for the B0

(s) → µ+µ− branch-
ing fractions have been updated accordingly. We ob-
tain B(B0

s → µ+µ−) < 5.1 × 10−9 and B(B0 → µ+µ−)
< 13×10−10 at 95% CL to be compared to the published
limits B(B0

s → µ+µ−) < 4.5× 10−9 and B(B0 → µ+µ−)
< 10.3×10−10 at 95% CL [8], respectively. The (1-CLb)
p-value for B0

s → µ+µ− changes from 18% to 11% and
the B0

s → µ+µ− branching fraction increases by ∼ 0.3σ
from (0.8+1.8

−1.3) × 10−9 to (1.4+1.7
−1.3) × 10−9. This shift

is compatible with the systematic uncertainty previously
assigned to the background shape [8]. The values of the
B0

s → µ+µ− branching fraction obtained with the 2011
and 2012 datasets are compatible within 1.5σ.

The 2011 and 2012 results are combined by computing
the CLs and performing the maximum-likelihood fit si-
multaneously to the eight and seven BDT bins of the 2011
and 2012 datasets, respectively. The parameters that
are considered 100% correlated between the two datasets
are fs/fd, B(B+ → J/ψK+) and B(B0 → K+π−), the
transition point of the Crystal Ball function describing
the signal mass lineshape, the mass distribution of the
B0

(s) → h+h�− background, the BDT and mass distri-

butions of the B0 → π−µ+νµ and B0(+) → π0(+)µ+µ−

backgrounds and the SM predictions of the B0
s → µ+µ−

and B0 → µ+µ− branching fractions. The distribution of
the expected and observed events in bins of BDT in the
signal regions obtained from the simultaneous analysis of
the 2011 and 2012 datasets, are summarized in Table II.

The expected and observed upper limits for the B0 →
µ+µ− channel obtained from the combined 2011+2012
datasets are summarized in Table I and the expected
and observed CLs values as a function of the branching
fraction are shown in Fig. 1. The observed CLb value
at CLs+b = 0.5 is 89%. The probability that back-
ground processes can produce the observed number of
B0

s → µ+µ− candidates or more is 5 × 10−4 and corre-
sponds to a statistical significance of 3.5σ. The value of
the B0

s → µ+µ− branching fraction obtained from the fit
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FIG. 1. CLs as a function of the assumed B0 → µ+µ−
branch-

ing fraction for the combined 2011+2012 dataset. The dashed

gray curve is the median of the expected CLs distribution if

background and SM signal were observed. The shaded yellow
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red curve is the observed CLs.
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FIG. 2. Invariant mass distribution of the selected B0
s →

µ+µ−
candidates (black dots) with BDT > 0.7 in the com-

bined 2011+2012 dataset. The result of the fit is over-

laid (blue solid line) and the different components detailed:

B0
s → µ+µ−

(red long dashed), B0 → µ+µ−
(green medium

dashed), B0
(s) → h+h�−

(pink dotted), B0 → π−µ+νµ

(black short dashed) and B0(+) → π0(+)µ+µ−
(light blue

dot dashed), and the combinatorial background (blue medium

dashed).

is

B(B0
s → µ+µ−) = (3.2+1.4

−1.2(stat)
+0.5
−0.3(syst))× 10−9

and is in agreement with the SM expectation. The in-
variant mass distribution of the B0

(s) → µ+µ− candidates
with BDT > 0.7 is shown in Fig. 2.

The true value of the B0
s → µ+µ− branching fraction is

contained in the interval [1.3, 5.8]×10−9([1.1, 6.4]×10−9)
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Bs,d! µ+µ- in the Standard Model  

12. November 2012 Johannes Albrecht 

Buras, Isidori: arXiv:1208.0934 
 

Mode SM 
Bs! µ+µ-, time averaged  (3.54 ± 0.30) x 10-9 

B0! µ+µ-  (0.107 ± 0.01) x 10-9 

Double suppressed decay:  FCNC process and helicity suppressed:  

! BR very small in the Standard Model but well predicted: 

De Bruyn, et al [1204.1737] uses LHCb-CONF-2012-002 

"  sensitive to contributions in the scalar/pseudo-scalar sector 
" highly interesting to probe extended Higgs models 

BR expressed in Wilson coefficients: 

BR(Bs ! µ+µ" )# CS "C 'S
2 1"

4m2
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! Constrained SUSY models at high tan!: 
 Bs,d! µ+µ- more sensitive than direct searches 

2/16 
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Electron Neutrino Disappearance
•Day Bay experiment in South China

• Sensitive to electron anti-neutrinos ( ν̅e)
from six nuclear reactors (D, L) detected 
by six detectors (AD).

• Look at difference between detection rates 
between near (EH1, EH2) and far (EH3) 
detectors.

• Δm312 = 2.23 ± 0.120.08 meV2 measured from 
the atmospheric reactions

• E is the energy of  ν̅e in MeV

• L is the distance of between detectors in 
metres.

• Measurement is sin2θ13 = 0.0089 ± 0.0011

F.P. An et al: Improved Measurement of Electron Antineutrino Disappearance at Daya Bay 3

1 Introduction

Observations of neutrinos and antineutrinos pro-
duced in the sun, the atmosphere, reactors, and
from particle beams provide overwhelming evidence
that the flavors of neutrinos change (oscillate) [1–5].
The preponderance of data support a three-neutrino
framework where three flavor states (νe,νµ,ντ ) are
superpositions of three mass states (ν1,ν2,ν3). This
mixing can be quantified using a unitary 3× 3 mix-
ing matrix described in terms of three mixing angles
(θ12,θ23,θ13) and a CP violating phase (δ) [6, 7]. Neu-
trino oscillations are also dependent on the differences
in the squares of the neutrino masses.

The Daya Bay collaboration recently measured a
non-zero value for sin2 2θ13 = 0.092± 0.016(stat.)±
0.005(syst.) [8], an observation consistent with previ-
ous and subsequent experimental results [4, 9–11]. In
absolute terms, the value of θ13 is now known with
better precision than either of the other two mixing
angles. Constraining the value of θ13 increases the
constraints on the other mixing parameters (mixing
angles and mass squared differences) through a global
fit of all available oscillation data [12, 13].

For reactor-based experiments, in a three-neutrino
framework, an unambiguous determination of θ13 can
be extracted via the survival probability of the elec-
tron antineutrino νe at short distances (O(km)) from
the reactors

Psur ≈ 1−sin2 2θ13 sin
2(1.267∆m2

31L/E) , (1)

where ∆m2
31 can be approximated by ∆m2

atm =
(2.32+0.12

−0.08)×10−3eV2 [14], E is the νe energy in MeV
and L is the distance in meters between the νe source
and the detector (baseline). The near-far arrange-
ment of antineutrino detectors (ADs), as illustrated in
Fig. 1, allows for a relative measurement by compar-
ing the observed νe rates at various distances. With
functionally identical ADs, the relative rate is inde-
pendent of correlated uncertainties, and uncorrelated
reactor uncertainties are minimized.

The results reported here were derived using the
same analysis techniques and event selection as our
previous results [8], but were based on data collected
between December 24, 2011 and May 11, 2012, a 2.5
fold increase in statistics. A blind analysis strategy
was adopted for our previous results, with the base-
lines, the thermal power histories of the cores, and
the target masses of the ADs hidden until the analy-
ses were finalized. Since the baselines and the target
masses have been unveiled for the six ADs, we kept
the thermal power histories hidden in this analysis

until the analyses were finalized.

Fig. 1. Layout of the Daya Bay experiment.

The dots represent reactor cores, labeled as

D1, D2, L1, L2, L3 and L4. Six antineutrino

detectors (ADs) were installed in three exper-

imental halls (EHs).

2 The Experiment

2.1 Site

The Daya Bay nuclear power complex is located
on the southern coast of China, 55 km to the north-
east of Hong Kong and 45 km to the east of Shen-
zhen. A detailed description of the Daya Bay exper-
iment can be found in [15, 16]. As shown in Fig. 1,
the nuclear complex consists of six reactors grouped
into three pairs with each pair referred to as a nu-
clear power plant (NPP). All six cores are function-
ally identical pressurized water reactors, each with a
maximum of 2.9 GW thermal power [17]. The last
core started commercial operation on Aug. 7, 2011.
The distance between the cores for each pair is 88 m.
The Daya Bay cores are separated from the Ling Ao
cores by about 1100 m, while the Ling Ao-II cores are
around 500 m away from the Ling Ao cores.

Table 1. Vertical overburden, muon rate Rµ,

and average muon energy <Eµ > of the three

EHs.

Overburden (m.w.e) Rµ (Hz/m2) <Eµ > (GeV)

EH1 250 1.27 57

EH2 265 0.95 58

EH3 860 0.056 137

Three underground experimental halls (EHs) are
connected with horizontal tunnels. For this analy-
sis, two antineutrino detectors (ADs) were located
in EH1, one in EH2, and three near the oscillation
maximum in EH3 (the far hall). The overburden in
equivalent meters of water (m.w.e.), simulated muon
rate and average muon energy are listed in Table 1.
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where Md are the measured IBD events of the d-th
AD with its backgrounds subtracted, Bd is the corre-
sponding background, Td is the prediction from an-
tineutrino flux, including MC corrections and neu-
trino oscillations, ωd

r is the fraction of IBD contribu-
tion of the r-th reactor to the d-th AD determined
by the baselines and antineutrino fluxes. The un-
correlated reactor uncertainty is σr (0.8%), as shown
in Table 6. The parameter σd (0.2%) is the uncor-
related detection uncertainty, listed in Table 4. The
parameter σB is the quadratic sum of the background
uncertainties listed in Table 5. The corresponding
pull parameters are (αr,εd,ηd). The detector- and
reactor-related correlated uncertainties were not in-
cluded in the analysis. The absolute normalization ε
was determined from the fit to the data.

The survival probability used in the χ2 was

Psur = 1−sin2 2θ13 sin
2(1.267∆m2

31L/E)

− cos4 θ13 sin
2 2θ12 sin

2(1.267∆m2
21L/E) ,

where ∆m2
31 = 2.32×10−3eV2,sin2 2θ12 = 0.861+0.026

−0.022,
and ∆m2

21 =7.59+0.20
−0.21×10−5eV2 [53]. The uncertainty

in ∆m2
31 [14] had negligible effect and thus was not

included in the fit.
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Fig. 23. Ratio of measured versus expected

signals in each detector, assuming no oscilla-

tion. The error bar is the uncorrelated un-

certainty of each AD, including statistical,

detector-related, and background-related un-

certainties. The expected signal has been

corrected with the best-fit normalization pa-

rameter. Reactor and survey data were used

to compute the flux-weighted average base-

lines. The oscillation survival probability at

the best-fit value is given by the smooth curve.

The AD4 and AD6 data points were displaced

by -30 and +30 m for visual clarity. The χ2

value versus sin2 2θ13 is shown in the inset.

The best-fit value is

sin2 2θ13 =0.089±0.010(stat.)±0.005(syst.)

with a χ2/NDF of 3.4/4. All best estimates of pull pa-
rameters are within its one standard deviation based
on the corresponding systematic uncertainties. The
no-oscillation hypothesis is excluded at 7.7 standard
deviations. Fig. 23 shows the number of IBD can-
didates in each detector after correction for relative
efficiency and background, relative to those expected
assuming no oscillation. A ∼1.5% oscillation effect
appears in the near halls, largely due to oscillation of
the antineutrinos from the reactor cores in the far-
ther cluster. The oscillation survival probability at
the best-fit values is given by the smooth curve. The
χ2 value versus sin22θ13 is shown in the inset.

The observed νe spectrum in the far hall was com-
pared to a prediction based on the near hall measure-
ments αMa +βMb in Fig. 24. The distortion of the
spectra is consistent with that expected due to oscilla-
tions at the best-fit θ13 obtained from the rate-based
analysis.
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Fig. 24. Top: Measured prompt energy spec-

trum of the far hall (sum of three ADs) com-

pared with the no-oscillation prediction based

on the measurements of the two near halls.

Spectra were background subtracted. Uncer-

tainties are statistical only. Bottom: The ra-

tio of measured and predicted no-oscillation

spectra. The solid curve is the expected ra-

tio with oscillations, calculated as a function

of neutrino energy assuming sin2 2θ13 = 0.089

obtained from the rate-based analysis. The

dashed line is the no-oscillation prediction.

Psurvival � 1− sin2 2θ13 sin2(1.267∆m2
31L/E)

reference: http://arxiv.org/abs/1210.6327
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Discovery of the Higgs Boson

•ATLAS and CMS experiments at CERN

•“Bumps” observed in invariant mass 
at m ≈ 125 GeV in:
➡ γγ 
➡ ℓ+ℓ−ℓ+ℓ−  (ℓ={e,µ}) 

•Consistent with H→γγ and 
H→ZZ→4ℓ production

•Statistical significance of the excess 
is now 7 σ from ATLAS alone!

References: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/
ATLAS-CONF-2012-170/, ATLAS-CONF-2012-169/, ATLAS-CONF-2012-168/
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H→ZZ→4e candidate event  

H→γγ candidate event  
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December 2012

•Fabiola Gianotti is named Time magzine 
Person of the Year 2012, runner up

•Higgs boson is particle of year 2012.

•Professor Higgs awarded Membership of 
the Order of the Companions of Honour 
by Queen Elizabeth II

•Alan Walker is awarded an MBE for 
services to science engagement and 
science education in Scotland.

 2011  2010  2009  20082012

TIMEʼs Person of the Year Issue: Cover
Gallery
Every December, TIME honors a person of the year - along with a few notable
runners-up. This year, in addition to "Person of the Year" Barack Obama, each
runner–up was given a special cover treatment; see below for all five cover images
which illustrate this year's issue

 TweetTweet 20  8  

PERSON OF THE YEAR 2012

Introduction

Cover Story

Runner-Up: Malala Yousafzai

Runner-Up: Tim Cook

Runner-Up: Mohamed Morsi

Runner-Up: Fabiola Gianotti

People Who Mattered

Tributes

PERSON OF THE YEAR: REACTIONS
(HTTP://WWW.TIME.COM
/TIME/POYREACTIONS)

@TIME I respect Obama, but #POY2012
imho should have been #Malala
(http://www.time.com/time/poyreactions)

It's absolutely outrageous that @psy_oppa
was not named @TIME Person of the Year.

Raul Saavedra
@RaulSaavedra6

(https://twitter.com/intent
/user?screen_name=@RaulSaavedra6)

Ben Yang
@blyang

(https://twitter.com/intent
/user?screen_name=@blyang)

2012 PERSON OF THE YEAR PHOTOS &
VIDEOS

Like 21 ShareShare 7

Runner-Up: Fabiola Gianotti
Dec. 19, 2012 Add a Comment

COVER PHOTOGRAPH BY LEVON BISS FOR TIME

The Italian particle physicist oversaw one of the world’s biggest scientific experiments at the Large

prev next

VIEW ALL
1 of 6

TIME

Person of the Year
NEWSFEED U.S. POLITICS WORLD BUSINESS TECH HEALTH SCIENCE ENTERTAINMENT STYLE SPORTS OPINION PHOTOS

   Magazine Video LIFE Person of the Year GoSearch TIME

 Apps    

TIME's Person of the Year Issue: Cover Gallery | TIME’s Per... http://poy.time.com/2012/12/19/times-person-of-the-year-issu...

1 of 2 01/01/2013 21:06
http://www.ph.ed.ac.uk/news/new-years-honours-2013-08-01-13
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Prof Higgs visits ATLAS
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Scattering Theory
•Consider the interactions between elementary particles.

•Review from Quantum Physics, Lecture 12, 13: Quantum Scattering 
Theory & the Born Approximation

•Born Series: we can think of a scattering in terms of series of terms

•1 boson exchange is more probable than 2 boson exchange which is 
more probable than 3 boson exchange…

•The total probability is the sum of all possible numbers of boson 
exchange

•Feynman diagrams make use of the Born series to calculate the 
individual matrix elements Mi 

13 Further Concepts in Quantum Scattering Theory

13.1 Born Series, Green Functions - A Hint of Quantisation of the Field

Solving the Schroedinger equation using Green Functions automatically gives a solution in a form
appropriate for scattering. By making the substitution E = h̄2k2/2µ and U(r) = (2µ/h̄2)V (r) we
can write the TISE as:

[∇2 + k2]Φ = U(r)Φ

For U(r) = 0 this gives φ0(r) = Aeik.r, a travelling wave. We now introduce a ‘Green’s Function’
for the operator [∇2 + k2], which is the solution to the equation:

[∇2 + k2]G(r) = δ(r)G(r) G(r) = − exp(ikr)/4πr

δ(r) is the Dirac delta-function as is δ(r)G(r), since G(r) diverges at the origin. G(r) has the
property that any function Φ which satisfies

Φ(r) = φ0(r) +
�

G(r − r�)U(r�)Φ(r�)d3r�

where φ0(r) is the free particle solution, will be a solution to the TISE. Since φ0(r) is the unscat-
tered incoming wave, the second term must represent the scattered wave.

Thus the general solution to the TISE is given by:

Φ(r) = Aeik.r +
�

G(r − r�)U(r�)Φ(r�)d3r�

In this expression, Φ appears on both sides. We can substitute for Φ using the same equation:

Φ(r) = Aeik.r +
�

G(r − r�)U(r�)Aeik.r�
d3r� +

� �
G(r − r�)U(r�)G(r� − r��)U(r��)Φ(r��)d3r�d3r��

Repeated substitutions gives the Born series, terminated by a term involving Φ(r) itself. If the
potential is weak, the higher order terms can be ignored. The first order term is just the matrix
element between the incoming plane wave and the Green function: the Born approximation again!
If we think of the potential U as an operator, the first term represents the incoming wavefunction

Single Scattering ~ U Double Scattering ~ U 2 Multiple Scattering

++ + + ...

+No  Scattering + +

Figure 12: Born Series - scattering as series of terms

being operated on once. The second term represents the incoming wavefunction being operated
on twice. And so forth. This suggests a way of quantising the effect of the field: The first order
term corresponds to a single scattering event, the second order term to double scattering etc.

48

Mtot =M1 +M2 + +M3 . . .
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Drawing Feynman Diagrams 
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Drawing Feynman Diagrams 
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has a coupling constant

 fermions  antifermions  photons,
W, Z bosons

 gluons H bosons
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Drawing Feynman Diagrams 

Initial state 
particles on 

the left

Final state 
particles on 

the right“virtual” bosons 
are exchanged 
in the middle

Each interaction vertex  
has a coupling constant

 fermions  antifermions  photons,
W, Z bosons

 gluons H bosons

Times flows from left to right
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