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Figure 8: B0
s � µ+µ�: observed distribution of selected dimuon events in the invariant

mass plane for the four BDT bins. The black dots are data, the light blue histogram shows
the contribution of the combinatorial background with its uncertainty (dashed area), the
green histogram shows the contribution of the B0

(s) � h+h� background and the red filled

histogram the contribution of B0
s � µ+µ� signal events according to the SM rate. The

uncertainty on data in the first bin is smaller than the size of the dots.

the background-only hypothesis.232

For the B0
s � µ+µ� decay, the distributions of expected CLs values are shown as233

dashed (black) lines in Fig. 10 under the hypotheses to observe background events only234

(left) or a combination of background plus SM events (right). The green areas cover the235

region of ±1� of compatible observations. The observed CLs as a function of the assumed236

branching ratio is shown as dotted (blue) lines on both plots.237

For the B0 � µ+µ� decay, the expected distributions of possible values of CLs is238

shown as dashed (black) lines in Fig. 11 under the hypothesis to observe background239

events only. The observed CLs as a function of the assumed branching ratio is shown as240

dotted (blue) line.241

The results for B0
s � µ+µ� and B0 � µ+µ� are shown in Table 5 and Table 6,242

respectively. In these tables the expected limits in the background-only hypothesis and243

the measured limits are shown for 90% and 95% C.L. For the B0
s � µ+µ� decay the244

expected limit computed allowing the presence of B0
s � µ+µ� events compatible with the245
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Flavor Physics at LHC	
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definition:	


study of interactions in b- and c-hadrons produced in pp collisions at LHC	


	


why:	


search for new phenomena (New Physics, NP) beyond the Standard Model to explain the 
ORIGIN OF FLAVOR, one of the unsolved mysteries connected to the origin of fermion 
generations, the striking hierarchies in the fermion spectrum, the absence of CP violation 
in strong interactions and the matter antimatter asymmetry (the current level of CP 
violation being too small by ~1010)	


	


how:	


Heavy Flavor Physics probes large mass scales via virtual quantum “loops” of new 
particles appearing as corrections to the dominant diagrams (“tree diagram”)	


	


where:	


looking to very rare decays and searching for unexpected CP violation in b- and c- 
hadron decays, measuring CKM matrix elements in tree and loops diagrams	


	


Heavy Flavor studies are also important in Pb-Pb collisions (as probes of QGP effects)	



Flavor Physics at LHC	
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The production and detection of new particles at LHC will probe directly the 
structure of matter and interactions	


	


The goal is to give an answer to the HIERARCHY PROBLEM of Electroweak Symmetry 
Breaking (stability of SM Higgs under radiative corrections) and to find candidates 
for the DARK MATTER: the higher the energy available in the collision, the highest the 
reach in the scale of new masses (DIRECT SEARCHES – ATLAS & CMS)	


	


Any extension of Standard Model must comply with a non-trivial flavor structure 
(FLAVOR PROBLEM): Flavor is now generally viewed as a key ingredient of	


any BSM theory, which may help to discover NP and decipher its nature	


	


High precision measurements on “low energy” rare process potentially affected by 
virtual quantum corrections from new particles may offer alternative insights 
(INDIRECT SEARCHES - LHCb)	


	


This technique has been used since long time in particle physics with great success	



LHC : direct vs. indirect searches	
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Fine Strncture of the Hydrogen Atoln by a Microwave Method* **
WILLIs E. LAMB, JR. AND RQBERT C. RETHERFQRD

Columbia Radiation L,aboratory, DePartment of Physics, Columbia University, ¹mYork, New York
(Received june 18, 1947)

HK sp('ctrum of the sinlplest:&tom, hyr)ro-
gen, has a fiiie structure' whi«h accordiI1%;-

to the Dirac wave equation for an electron
moving in a Coulomb field is due to the combined
effects of relativistic variation of mass with
velocity and spin-orbit coupling. It has been con-
sidered one of the great triumphs of Dirac's
theory that it gave the "right" fine structure of
the energy levels. However, the experimental
attempts to obtain a really detailed confirmation
through a study of the Balmer lines have been
frustrated by the large Doppler effect of the lines
in comparison to the small splitting of the lower
or n = 2 states. The various spectroscopic workers
have alternated between finding confirmation' of
the theory and discrepancies' of as much as eight
percent. More accurate information would clearly
provide a delicate test of the form of the correct
relativistic wave equation, as well as information
on the possibility of line shifts due to coupling of
the atom with the radiation field and clues to the
nature of any non-Coulombic interaction between
the elementary particles: electron and proton.
The calculated separation between the levels

2'I'; and 2'P3/2 is 0.365 cm ' and corresponds to a
wave-length of 2.74 cm. The great wartime
advances in microwave techniques in the vicinity
of three centimeters wave-length make possible
the use of new physical tools for a study of the
n = 2 fine structure states of the hydrogen atom.
A little consideration shows that it woul. d be
exceedingly difficult to detect the direct absorp-
tion of radiofrequency radiation by excited H
atoms in a gas discharge because of their small

* Publication assisted by the Ernest Kempton Adams
Fund for Physical Research of Columbia University, New
York.**Work supported by the Signal Corps under contract
number W 36-039 sc-32003.' For a convenient account, see H. E.White, Introduction
to Atomic Spectra (McGraw-Hill Book Company, New
York, 1934), Chap. 8.' J.W. Drinkwater, O. Richardson, and W. E. Williams,
Proc. Roy. Soc. 1'74, 164 (1940).'W. V. Houston, Phys. Rev. 51, 446 (1937); R. C,
Williams, Phys. Rev. 54, 558 (1938);S. Pasternack, Phys.
Rev. 54, 1113 (1938) has analyzed these results in terms
of an upward shift of the S level by about 0.03 cm '.

l)opl liat 1oll a1ld the 11lgh bc4'("kgi 0111id c'ibsoi philol l
d ue to elec ti ons. Iils tead ) we llave fo l l lid: &l.

method depending on a novel property of the
2'S» level. According to the Dirac theory, this
state exactly coincides in energy with the 2'P~
state which is the lower of the two I' states. The S
state in the absence of external electric fields is
metastable. The radiative transition to the
ground state 1'-S; is forbidden by the selection
rule 61.= ~i. Calculations of Breit and Teller'
have shown that the most probable decay mecha-
nism is double quantum emission with a lifetiiiic
of 1/7 second. This is to be contrasted with a
lifetime of only 1.6)&10 ' second for the non-
metastable 2'P states. The metastability is very
much reduced in the presence of external electric
fields" owing to Stark effect mixing of the Sand E
levels with resultant rapid decay of the combined
state. If for any reason, the 2'S; level does not
exactly coincide with the 2'P; level, the vulnera-
bility of the state to external fields will be re-
duced. Such a removal of the accidental de-
generacy may arise from any defect in the theory
or may be brought about by the Zeeman splitting
of the levels in an external magnetic field.
In brief, the experimental arrangement used is

the following: Molecular hydrogen is thermally
dissociated in a tungsten oven, and a jet of atoms
emerges from a slit to be cross-bombarded by an
electron stream. About one part in a hundred
million of the atoms is thereby excited to the
metastable 2'Sq state. The metastable atoms
(with a small recoil deflection) mome on out of the
bombardment region and are detected by the
process of electron ejection from a metal target.
The electron current is hieasured with an FP-54
electrometer tube and a sensitive galvanometer.
If the beam of metastable atoms is subjected to

any perturbing fields which cause a transition to
any of the 2'E states, the atoms will decay while
moving through a very small distance. As a re-
sult, the beam current will decrease, since the

4 H. A. Bethe in IIandbuch der Physik, Vol. 24/1, $43.' G. Breit and E. Teller, Astrophys. J. 91, 215 {1940).
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than one-fortieth of a lifetime. This, together
with the fact that the scattered radiation became
immeasurable at approximately the same tem-
perature as did persistence of radiation in the
quartz cell, leads us to assume that reflection
introduces no delay at any temperature.
As an additional check on the behavior of the

scattered radiation from the quartz cell in the
region 150'C to 300'C, the alternating current
method was employed in a somewhat different
manner. The ratio, S, of the photo-current for
negative and positive voltages on the grid of
the photo-cell was approximately 0.28, and the
persistence of the radiation reflected from the
quartz-mercury vapor surface (persistence due
only to B) resulted in more energy arriving at the
photo-cell in the positive half-cycles than in the
negative. Hence the reflected radiation a =a, &-'. .
In this test the phase of the voltage applied to
the photo-cell was reversed with respect to that
on the excitation cell, so that in the formula for
R, Swas replaced by 1/S, i.e. , R = 1—a,(1+1/S)
= 1—4,57c,. Hence R =0, for the frequency for

which a, =0.219. The frequency was then deter-
mined for which the photoelectric current was
zero with the quartz cell at 300'C, at which
temperature there was no measurable persistence
in the quartz cell. Using this Frequency in the
modified circuit, measurements of the photo-
current for different vapor pressures were made.
The results are shown in Fig. 3 by curve D, the
observed points being given by crosses. The
scale of ordinates of D, shown at the right of
the figure, is of course arbitrary and was adjusted
to coincide with C at 1.50'C. The two curves are
coincident within the precision of measurement.
This result agrees with the conclusions that
reflection was instantaneous for all pressures,
and that the relation between the intensity of
the absorbed and re-emitted (scattered) energy
and the time which gave the limiting R fcurve-
of Fig. 7 remained unchanged at temperatures
above 150'C.
The authors take this opportunity to thank

Professor L. J. Hayner for her assistance in this
investigation.
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The Electromagnetic Shift of Energy Levels
H. A. BETHE

Cornell University, Ithaca, Rem York
(Received June 27, 1947)

Y very beautiful experiments, Lamb and
Retherford' have shown that the fine struc-

ture of the second quantum state of hydrogen
does not agree with the prediction of the Dirac
theory. The 2s level, which according to Dirac's
theory should coincide with the 2p» level, is
actually higher than the latter by an amount of
about 0.033 cm ' or 1000 -megacycles. This
discrepancy had long been suspected from spec-
troscopic measurements. "However, so far no
satisfactory theoretical explanation has been
given. Kemble and Present, and Pasternack4 have
shown that the shift of the 2s level cannot be

Phys. Rev. '72, 241 (1947).
~ W. V. Houston, Phys. Rev. 51, 446 (1937).' R. C. Williams, Phys. Rev. 54, 558 (1938).' E. C. Kemble and R. D. Present, Phys. Rev, 44, 1031

(1932); S. Pasternack, Phys. Rev. 54, 1113 (1938).

explained by a nuclear interaction of reasonable
magnitude, and Uehling' has investigated the
effect of the "polarization of the vacuum" in the
Dirac hole theory, and has found that this eff'ect
also is much too small and has, in addition, the
wrong sign.
Schwinger and Weisskopf, and Oppenheimer

have suggested that a possible explanation might
be the shift of energy levels by the interaction of
the electron with the radiation field. This shift
comes out infinite in all existing theories, and has
therefore always been ignored. However, it is
possible to identify the most strongly (linearly)
divergent term in the level shift with an electro-
magnetic nzcss effect which must exist for a bound
as well as for a free electron. This effect should

5 E. A. Uehling, Phys. Rev. 48, 55 (1935).

The experimental observation in 1947 of a very small difference in the energy levels 
of 2S½ and 2P½ in H atoms (“Lamb shift”) due to quantum virtual effects (“loops”) has 
brought to the development of modern QED (Schwinger, Feynman, Tomonaga - Nobel 
prize in 1955)	


	


New Physics from (ultra) low energy precise measurements !	



A tiny effect with great consequences	



4	
  



Indirect searches: a bright recent past	



1970: GIM mechanism (hypothesis of 
c quark) to explain the absence of 
KLàµµ decay. SU(2) quarks doublets	



Flavour Physics�

Excellent track record to probe high energy scale�

Very suppressed KL��
+�-� � SU(2) doublet structure (GIM)
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1987 ARGUS (DESY): the measurement of 
oscillations frequency of B0 – anti B0 system 
suggested a very high mass of top quark (at 
least > 50 GeV)	



1994 LEP experiments (CERN): the fit to the Γb and 
sin θw electroweak parameters imposed strong 
constraints on Mtop (found directly in 1995 at 
Fermilab)	
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Flavor structure in the SM and beyond	
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In the extensions of the Standard Model, additional flavor and CP violation can 
arise from exchange of new scalar (H+, squarks, …), fermionic (gluinos, t’, …) or 
gauge (Z’, W’, …) degrees of freedom	


	


However new models must respect strong flavor selection rules otherwise they	


can lead to excessive Flavor Changing Neutral Currents, unless:	


•  new particles are very heavy and degenerate: mi >> 1 TeV ; Δmij << mi	


•  or mixing angles are very small: Uij << 1	


	


The observed absence of FCNC already now set strong constraints on the TeV-
scale physics (higher than those found in direct searches so far , even at LHC)	


	


New Physics could be hidden in quantum corrections to loops in flavor transitions	



ΔF = 1	

 ΔF = 2	





Present constraints from Flavor Physics	



CP violation	


in K system	



Oscillations 
and CPV	



in Bd system	


Oscillations	


in D system	



Oscillations 
and CPV	



in Bs system	



Mass scale	


of New Physics 	
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Higgs-like particle discovery was a great LHC success, but so far no significant sign of NP in 
direct searches :	


à  energy scale of NP mass scale pushed higher (FLAVOR PROBLEM solved ?)	


à  fine tuning needed to protect Higgs mass ? “Naturalness” appears problematic	



Indirect searches have the potential to 
see NP in flavor phenomena	


	


Precision measurements of FCNC can 
reveal NP that may be well	


above the TeV scale (above the LHC 
reach – one of the possible scenarios)	


	


or 	


	


can provide key information on the 
couplings and phases of these new 
particles if they are visible at the TeV 
scale.	



R. Sundrum CKM2012	



Flavor as a portal to New Physics	





Why using B mesons ?	
  

In most of the new physics scenarios, large effects are expected in decays of b-quarks 
(many times new physics effects couple to mass)	


	


Bu , Bd , and Bs mesons are produced abundantly at LHC (together with b baryons) 	


Long lifetime of b hadrons allow for “easy” experimental detection of decays	


Several techniques allow to tag the flavor of the b (b or anti-b)	


Large mass of b quark gives phase space to many final states (and daughter particles have 
high momentum: easier to detect)	



Theoretical predictions in b 
physics are often accurate (much 
easier than in lower mass quarks, 
e.g. charm) and can be compared 
with experimental observations	


	


Wealth of data coming from B 
factories and Fermilab 
experiments, in a large variety of 
decay modes	
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~76k scintillating PbWO4 crystals

Silicon strips
  ~16m2   ~137k channels

~13000 tonnes

MUON CHAMBERS 
Barrel:   250 Drift Tube & 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers

STEEL RETURN YOKE 

HADRON CALORIMETER (HCAL)
Brass + plastic scintillator
~7k channels

SILICON TRACKER

FORWARD
CALORIMETER 

PRESHOWER

SUPERCONDUCTING
SOLENOID 

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)

Total weight 
Overall diameter 
Overall length
Magnetic field

: 14000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

Niobium-titanium coil
carrying ~18000 A

Pixels (100 x 150 �m2)
  ~1m2      ~66M channels
Microstrips (80-180�m)
  ~200m2   ~9.6M channels

Steel + quartz fibres
~2k channels

CMS Detector
Pixels
Tracker
ECAL
HCAL
Solenoid
Steel Yoke
Muons

B-hadron reconstruction mainly exploits
•Muon detectors for semileptonic decays, especially at low pT 
•Silicon Tracker detector for long lifetime and large mass reconstruction

F. Palla - INFN Pisa
4

3Monday, November 21, 2011

ATLAS and CMS	



Main focus on high pT physics 
(Higgs and Supersymmetry) but 
large samples of B events available	


	


Can stand to high luminosity from 
LHC ~ 7 1033 cm-2s-1 (now)	


up to ~ 5 1034 cm-2s-1 (in future)	



B-hadrons reconstruction mainly 
exploits excellent vertex detectors 
(silicon strips and pixels) and muon 
detectors for precise p measurements	


	


Limited hadron identification, but	


excellent photon identification	


	


Cuts on medium pT (4-6 GeV) di-
muon final states	
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ATLAS & CMS: excellent vertex and tracking reconstruction capabilities 	


also in high pile-up (mean no. of interactions in a pp collision) conditions 	



at L ~ 7 1033 cm-2s-1	



Bigger pileup could decrease efficiencies in Flavor Physics: under evaluation	
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ALICE (the Little Bang)	



Study of QCD phase transition (QGP à 
hadrons) at tUniverse ~10 µs	


	


In high-energy Pb-Pb collisions, large 
energy densities are reached over large 
volumes (>> 100 fm3)	


	


Two main parts: 	


	

barrel (|η|<0.9);	



 	

forward µ-spectrometer (-4<η<-2.5)	



Crucial for heavy flavor: vertexing, tracking, hadron 
and muon ID, to be performed in harsh conditions 
(very high particle multiplicities, several 103)	


	


Flavor Physics as a “temperature probe” to study 
behavior of strong interactions in the high density 
QCD medium of Pb-Pb collisions (e.g. charm 
production suppression)	
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LHCb (a dedicated Flavor Physics experiment)	



Excellent vertex resolution to resolve fast oscillation of Bs (σ~ 40 fs)	


	


Background rejection (S/B=1/200 at production)	


	

Good particle ID (π, K, p, e, γ, µ) - Precise momentum resolution (~0.5%)	



	


Trigger capability	


	

Efficient selection of hadronic and leptonic final states	


	

Low pT single µ detection (>1.5 GeV)	


	


Good efficiency also for charm hadronic decays (LHC is a charm factory !)	
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b and c quark production in the LHCb environment	



LHCb acceptance : 2 < η < 5  - ATLAS and CMS: |η| < 2.5 	


ALICE   |η| < 0.9 and – 4< η < - 2.5	



Both b quarks in the forward acceptance of 
LHCb	


•  inelastic pp collisions σ ~ 60 mb (7 TeV)	


•  c quark production σ ~ 6 mb (7 TeV)	


•  b quark production σ ~ 0.3 mb (7 TeV)	


	


All c- and b- hadrons types produced	


	


Typical running luminosity (LHCb)	


~ 4 1032 cm-2s-1 (limited by FEE data rate)	



~ 15 MHz of pp collisions (few 10 kHz bb)	


~ 5 1011 b-anti b pairs /y	





LHC detectors: precise 	


spectrometers across energy decades	



Muon identification plays a key role in 
reconstruction of heavy mesons with J/ψ in the 
final state:	


•  Good acceptance at low pT 	


•  Error on mass scale ~ 0.1 MeV	


	


à 30 years of Particle Physics discoveries in one 
plot (one week of data taking) !	
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2012 : another “luminous” year at LHC	



Luminosity leveling guarantees adequate and stable running and trigger conditions for 
LHCb even with LHC running at high luminosity (true also for HL-LHC)	


	


Plans for 2015:	


•  √s = 13 TeV (increased HF cross sections x2)	


•  Bunch spacing 25 ns (smaller pileup) – L ~ 1034 (Atlas & CMS) – L ~ 4 1032 (LHCb)	



p p	



> 22/fb	


Atlas, CMS	



> 2/fb LHCb	
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> 9/pb Alice	


Pb-Pb runs / ALICE, ATLAS, CMS	


p-Pb runs / all the experiments	





Highlights of Heavy Flavor Physics at LHC	



•  Rare B decays (LHCb,  Atlas and CMS)	


	


•  CP violation in Bs system (LHCb,  Atlas and CMS)	



•  CKM γ measurement (LHCb)	


	


•  Charm physics (LHCb)	


	


•  Heavy Flavor Production & Spectroscopy (All)	


	


•  Heavy Flavor as probe of QGP (Alice)	
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The search for Bs (d)à µ µ 	
  

Predicted to be very rare in SM due to GIM & 
helicity suppression:	


	


Precise predictions in SM: 	


•  BR(Bs à µ µ) 	
  =	
  3.5 ± 0.2 10-9	



•  BR(Bdà µ µ) 	
  =	
  1.1 ± 0.2 10-10	



	


“Golden channel” for New Physics effects	


Large sensitivity to NP (e.g. in SUSY)	


	


	


	


Very clean experimental signature	


	


Particularly challenging measurement :	


BR ~ few 10-9 against a strong peaking 
background (from Bàhh and µ mis-id) and a 
combinatorial one (two random µ faking a B 
vertex)	



• Predicted to be very rare in the SM due 
to GIM & helicity suppression:

• BrSM(Bs→μμ) = (3.2±0.2) x 10-9

• Large sensitivity to NP,  eg SUSY: 

•   

• Good place for synergy with direct 
searches

• CDF recently reported a hint of signal:

• p-value background only:        0.3%

• p-value background + SM Br:  1.9%

• BrCDF (Bs→μμ) = 1.8+1.1-0.9 x 10-8

b→s:  Bs→μμ
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FIG. 1: The observed number of events (open histogram with points) is compared to the total expected background (light
grey) and its uncertainty (hatched) in bins of dimuon invariant mass. The top and middle rows show the results in the B0

s

mass signal region for the CC and CF channels, respectively. The bottom row shows the results in the B0 mass signal region
for the CC and CF channels combined. The results for the first 5 νN bins are combined (and scaled by 0.2) while the results
for the last three bins are each shown separately. Also shown is the expected contribution from B0

s → µ+µ− events (dark gray)
using the fitted branching fraction, which is 5.6 times the expected SM value.

account for 85% of the signal acceptance, we find a p-
value of 0.66%. For the B0

s → µ+µ− analysis we also
produce an ensemble of simulated experiments that in-
cludes a B0

s → µ+µ− contribution at the expected SM
branching fraction [2] and yields a p-value of 1.9%. The
corresponding p-value for the two highest νN bins alone
is 4.3%.

We use a modified frequentist approach [20, 21] that
includes the effects of systematic uncertainties to cal-
culate expected and observed limits. We calculate ex-
pected limits of B(B0 → µ+µ−) < 4.6 × 10−9 and
B(B0

s → µ+µ−) < 1.5 × 10−8 at the 95% confidence
level (C.L.), a factor 3.3 improvement relative to our
previous analysis [4]. We calculate observed limits of
B(B0 → µ+µ−) < 6.0(5.0)×10−9 and B(B0

s → µ+µ−) <
4.0(3.5)× 10−8 at 95% (90%) C.L. If we assume the ob-
served excess in the B0

s region is due to signal, we de-
termine B(B0

s → µ+µ−)=(1.8+1.1
−0.9)×10−8 using the data

−2 lnQ distribution and taking the central value from the
minimum and the associated uncertainty as the interval
corresponding to a change of one unit. By examining the
interval corresponding to a change of 2.71 units we set
bounds of 4.6× 10−9 < B(B0

s → µ+µ−) < 3.9× 10−8 at
the 90% C.L. As a cross check we use a Bayesian tech-

nique to make a point estimate and to derive bounds
at 90% C.L. and obtain results very similar to those re-
ported here.

In summary, we have performed a search for B0 →
µ+µ− and B0

s → µ+µ− decays using 7 fb−1 of integrated
luminosity collected by the CDF II detector at the Fer-
milab Tevatron. The data in the B0 search region are
consistent with background expectations and the world’s
most stringent upper limit on B(B0 → µ+µ−) is estab-
lished. The data in the B0

s search region are in excess of
the background predictions. A fit to the data determines
B(B0

s → µ+µ−)= (1.8+1.1
−0.9) × 10−8 including all uncer-

tainties. Although of moderate statistical significance,
this is the first indication of a B0

s → µ+µ− signal.
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, 2
9
P
.
M
astran

d
rea, 4

9
M
.E
.
M
attson

, 5
7
P
.
M
azzanti, 6

K
.S
.
M
cF

arlan
d
, 4
7
P
.
M
cIntyre, 5

1

R
.
M
cN

u
lty

i, 2
7
A
.
M
ehta, 2

7
P
.
M
ehtala, 2

1
A
.
M
en
zion

e, 4
4
C
.
M
esrop

ian
, 4
8
T
.
M
iao, 1

5
D
.
M
ietlicki, 3

2
A
.
M
itra, 1

H
.
M
iyake, 5

3
S
.
M
oed

, 2
0
N
.
M
oggi, 6

M
.N

.
M
on

d
ragon

k, 1
5
C
.S
.
M
oon

, 2
5
R
.
M
oore, 1

5
M
.J.

M
orello, 1

5
J.

M
orlock, 2

4

P
.
M
ovilla

F
ern

an
d
ez, 1

5
A
.
M
u
kh

erjee, 1
5
T
h
.
M
u
ller, 2

4
P
.
M
u
rat, 1

5
M
.
M
u
ssin

i a
a, 6

J.
N
achtm

an
m
, 1
5
Y
.
N
agai, 5

3

J.
N
agan

om
a, 5

6
I.
N
akan

o, 3
8
A
.
N
ap

ier, 5
4
J.

N
ett, 5

1
C
.
N
eu
, 5
5
M
.S
.
N
eu
b
au

er, 2
2
J.

N
ielsen

d, 2
6
L
.
N
od

u
lm

an
, 2

O
.
N
orn

iella, 2
2
E
.
N
u
rse, 2

8
L
.
O
akes, 4

0
S
.H

.
O
h
, 1
4
Y
.D

.
O
h
, 2
5
I.
O
ksu

zian
, 5
5
T
.
O
ku

saw
a, 3

9
R
.
O
rava, 2

1

L
.
O
rtolan

, 4
S
.
P
agan

G
riso

bb, 4
1
C
.
P
agliaron

e, 5
2
E
.
P
alen

cia
e, 9

V
.
P
ap

ad
im

itriou
, 1
5
A
.A

.
P
aram

on
ov, 2

J.
P
atrick, 1

5
G
.
P
au

letta
g
g, 5

2
M
.
P
au

lin
i, 1

0
C
.
P
au

s, 3
0
D
.E
.
P
ellett, 7

A
.
P
en
zo, 5

2
T
.J.

P
h
illip

s, 1
4
G
.
P
iacentin

o, 4
4

E
.
P
ian

ori, 4
3
J.

P
ilot, 3

7
K
.
P
itts, 2

2
C
.
P
lager, 8

L
.
P
on

d
rom

, 5
8
K
.
P
otam

ian
os, 4

6
O
.
P
ou

kh
ov

∗, 1
3
F
.
P
rokosh

in
y, 1

3

A
.
P
ron

ko, 1
5
F
.
P
toh

os
g, 1

7
E
.
P
u
esch

el, 1
0
G
.
P
u
n
zi c

c, 4
4
J.

P
u
rsley, 5

8
A
.
R
ah

am
an

, 4
5
V
.
R
am

akrish
n
an

, 5
8

N
.
R
an

jan
, 4
6
I.
R
ed
on

d
o, 2

9
P
.
R
enton

, 4
0
M
.
R
escign

o, 4
9
T
.
R
id
d
ick, 2

8
F
.
R
im

on
d
i a

a, 6
L
.
R
istori 4

4, 1
5
A
.
R
ob

son
, 1
9

T
.
R
od

rigo, 9
T
.
R
od

rigu
ez, 4

3
E
.
R
ogers, 2

2
S
.
R
olli h, 5

4
R
.
R
oser, 1

5
M
.
R
ossi, 5

2
F
.
R
u
b
b
o, 1

5
F
.
R
u
ffi
n
i d
d, 4

4

CDF

Bu
ra

s 
et

 a
l: 

ar
X

iv
 1

00
7.

52
91

10



19	
  

Signal/background separation by invariant mass	


and multivariate analysis (BDT) including 
topological and kinematical infos	


	


Normalization with BàJ/ψK and Bàhh	


	


Signal BDT determination with Bàhh, 
background BDT from dimuon sidebands (fully 
data driven analysis)	


	


Mass peaks and resolution determined from 
Bàhh events	





With 2011+2012 data (2.1/fb) LHCb has 
the first evidence of 	


Bs à µ µ decay at ~ 3.5 σ	


	


	


	


in agreement with SM.	


“Background only” p value ~ 5 10-4	


	


Also best limit on Bd à µ µ 	


	


	



Expectations and observation
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Variable B0 ⇤ µ+µ� Barrel B0
s ⇤ µ+µ� Barrel B0 ⇤ µ+µ� Endcap B0

s ⇤ µ+µ�Endcap

Signal 0.24 ± 0.02 2.70 ± 0.41 0.10 ± 0.01 1.23 ± 0.18
Combinatorial bg 0.40 ± 0.34 0.59 ± 0.50 0.76 ± 0.35 1.14 ± 0.53
Peaking bg 0.33 ± 0.07 0.18 ± 0.06 0.15 ± 0.03 0.08 ± 0.02

Sum 0.97 ± 0.35 3.47 ± 0.65 1.01 ± 0.35 2.45 ± 0.56

Observed 2 2 0 4

Urs Langenegger Search for B0
s ⇤ µ+µ� and B0 ⇤ µ+µ� in CMS (2012/02/28) 33

Great sensitivity in CMS for 
Bs (d)à µ µ searches	


	


With 5/fb nearly same limit 
of LHCb (1/fb)	


	


CMS could reach 5σ 
significance with full 2011-12 
data sample (~30/fb)	



Bs 	
  

Bd 	
  

HCP2012	
  



Current double-sided limit :	



Bsàµµ constraining Supersymmetry	



BR(Bsàµµ) sets strong	
  bounds	
  on	
  tan	
  β, at least in CMSSM, and reduces the phase space 
of Supersymmetry, complementary to direct searches and also removes some of the 
scenarios for New Physics. However SUSY models are not ruled out.	
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CMSSM	
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• See talk by Rick van Kooten

• Requires time-dependent, flavour tagged, angular analysis 

• The measurement of the Δms with Bs→Dsπ has served as a proving 
ground: known (mixing) amplitude,  (by now) known frequency

CP violation & BsBs Mixing Phase
b 
s 

s 
b CP-violation in 
� mixing  
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⇥s = �2�s ⌘ �2 arg
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~ 0 in SM	



Interference effects from New Physics could bring in the amplitude of the 
process a non zero phase with strong impact on the amount of CP violation	


	


Measuring ΔΓs ≠ 0 allow to disentangle mass and flavor Bs eigenstates (like in 
B and K systems) à BsH (CP=-1) and BsL (CP=+1) with different lifetimes	



NP ?	



CP violation in Bs mixing (	
  φs and ΔΓs )	
  



Time dependent measurement: 	


particle ID, flavor tagging, excellent mass and 
high time resolution needed (to follow the 
fast oscillations of Bs)	

	


Disentangling CP=1 and CP=-1 final states 
with angular analysis	


	


Outputs from the fit: φs , ΔΓs , Γs , …	



Measuring φs	
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φs=	
  -­‐0.002	
  ±	
  0.083	
  ±	
  0.027	
  rad	


 [rad]sφ

-0.4 -0.2 0 0.2 0.4

]-1
 [p

s
s

Γ
∆

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2
Conf. Levels

68% C.L.

90% C.L.

95% C.L.

Standard Model

LHCb
Preliminary

Conf. Levels

68% C.L.

90% C.L.

95% C.L.
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Bs ! J/ψΦ : New Preliminary Results 1.0 fb-1 
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     Γs =  0.6580  ± 0.0054(stat.)  ±  0.0066(syst.)  ps-1 

   ∆Γs =  0.116    ± 0.018(stat.)    ±  0.006(syst.)    ps-1 

    ϕs =   -0.001  ± 0.101(stat.)   ± 0.027(syst.)      rad 

 

Contour for 
    ϕs - ∆Γs 
 

Results obtained combining BsàJ/ψ φ 
and BsàJ/ψ ππ (this is CP=+1) channels	


	


Sign ambiguity of ΔΓs removed	


à eigenstates of Bs mass states defined	



σt ~ 40 fs 	
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"  Simple selection with kinematic cuts  

"  Most background removed by decay time 
cut   t > 0.3 ps  

"  Very clean signal 
 
"  Approx. 21200 signal events 
 

Un-tagged results also from ATLAS 	


	


CMS (assuming φs=0) measures 	


ΔΓs	
  = 0.048 ± 0.024 ± 0.003 ps-1	


	


Experimental  error on φs still very 
far from SM one (0.003)	
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Study of CPV in Bs mixing	



Measured by D0 with semileptonic events 	


(µ and di-µ)	


	


Asl

µµ = ( -0.79 ± 0.20 )% (mix of asld and asls)	

	


~ 4 σ tension with SM	


Difficult to reconcile with φs LHCb data	



Time integrated asymmetry in Bs mixing	


	


Tagged by specific flavor final state (e.g. 
muons)	
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LHCb measurement:	



Combination (using also new values 
from B-factories)	


	


aSL(Bd) = (-0.15 ± 0.29) % 	


aSL(Bs) = (-1.02 ± 0.42) %	


	


Fitted aSL(Bs): ~ 2.5 σ from SM	


	


More precision from LHCb needed to 
solve aSL(Bs) issue	
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The LHCb measurement of CKM angle γ	



The angle γ is still the least known 	


among CKM angles	


	


B factories error: ±17°	


	


If NP is hidden in loop diagrams, we 	


have to compare CKM tree 	


measurements (such as γ) with 	


those with loops	


	


LHCb inputs for CKM angle γ: 	


	


B+ DK+ , B+ Dπ+ , B+ DK+ππ, B0

(s) DK*0, B0
(s) DKK 	
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Combinations of LHCb B+ DK+ modes (only) 
gives	


     	



	

γ = 71 +17
-16    deg	



	


LHCb error (with 1/fb) already similar to the 
one obtained from full sample at B factories. 
Results from more data and channels to come 
soon	



The statistics of LHCb starts to populate the (very) suppressed hadronic decays in 
which the interference is used for the determination of γ  	



First observation !	



B0 DK*  (GLW) – DàKK	


B 7 ev. – anti-B 20 ev.	



CKM2012	
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First observation of charm mixing in D0àKπ 
by a single measurement (9σ)	



LHCb	
  
HCP2012	
  CPV in charm decays (D0àKK or ππ)	



	


Hint of CPV≠0 from LHCb, CDF,  Belle	


ΔACP

dir = (−0.68 ± 0.15) %	


	


NP or explicable within SM ? 	


More data & confirmation in other D channels 
needed	



LHCC is a charm factory ! Charm is the only 
“up type” quark where we can search for NP	


	


LHCb has the world’s largest sample of c-
hadron decays in charged modes (x10 current 
B factories)	


	


Rich program: mixing , CP asymmetries, 
branching fractions	



Charm physics	
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•  B-mesons and b-baryon properties (cross section, masses, lifetimes, pt spectrum)	


•  Inclusive muons from Heavy Flavor states	


•  Production of prompt and non-prompt charmonium (J/ψ , ψ(2s))	


•  Production of  Y(1s), Y(2s), Y(3s)	


•  Production of χb and χc (P wave resonances)	


•  Quarkonium spectroscopy (charmonium and bottomonium)	


•  Polarization of heavy resonances	


•  Double charm production (J/ψ J/ψ, J/ψ D, DD)	


•  Exotic states (X, Y, Z)	


…	



An impressive amount of information is under collection with unprecedented 
statistics by the 4 experiments	


These studies are vital to setup production models based on perturbative QCD and 
for Monte Carlo generators, to understand heavy quark spectroscopy, including non 
standard qq states (exotica)	


These measurements provide lots of input for theorists, and plenty of questions, but 
no clear answers yet	



b- , c-hadrons and quarkonium production studies at LHC	





Test perturbative QCD at new energy regime, 
at higher transverse momentum and in a wider 
rapidity range than previously (Atlas & CMS: 
high pT, low η – LHCb: low pT, high η – Alice: 
dense matter)	


	


Production mechanism for heavy quarkonium 
states not fully understood. Reasonable 
agreement with models , neither is perfect	


	


pT spectra alone not enough	



Quarkonia production	


Prompt J/ψ cross-section	



Prompt ψ(2S) cross-section	



Y(1S) cross-section	


NLO	



NNLO	



Next challenging measurements: obtain polarization values: strong test of models	
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χc	
  ➝	
  J/ψ γ	
  

Study of cc and bb P wave resonances 	



χb	
  ➝	
  Y(nS)	
  γ	
  

Clarify the mechanisms of hadron production in the 
fragmentation process. P states are a significant source of 	


J/ψ and Y (S wave states) inclusive production	


	


Key role in identifying and measuring energy of converted 
photons in final states at LHC (first time at hadron 
colliders)	
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Observation of the new exotic states X(3872), Y(4140), 	


etc… which do not fit into conventional quark models	



Exotic states in quarkonium	


LHCb XàJ/ψππ	
  

CDF observed a structure in B+àJ/ψ φK+  [ Y(4140) ]	


LHCb not confirmed it – CMS has some evidence …	



LHCb	
  

X(3872) has been observed in several decay channels	


 	

J/ψ ππ , DD , J/ψ γ , ψ(2s) and J/ψ ω	


Motivating interpretation as charmonium, DD molecule, 	


tetra quark state	





 [GeV/c]
t

p
0 2 4 6 8 10 12 14

 [1
/G

eV
/c

]
 |y

|<
0.

5
|  t

dN
/d

p

-410

-310

-210

-110

1

Centrality 0-20%

p-p rescaled reference
Pb-Pb

Centrality 40-80%

p-p rescaled reference
Pb-Pb

Syst. from Data

Syst. from B feed-down

(B)
AA

Syst. from R

=2.76 TeVNNs meson   0D
ALICE Preliminary

Charm production in dense matter (Alice)	



Significant suppression also in semi-
peripheral (40-80%) wrt pp reference 	



“Centrality” (CC) gives an evaluation of density of matter probed by the heavy meson 	



Suppression for charm is a factor 3-4 
above pT~5 GeV/c	


Indicates strong energy loss of c 
quarks in the hot and dense QCD 
medium formed in these collisions	



Strong suppression observed in central 
collisions (0-20%) wrt pp reference	



R
at

io
 P

bP
b/

pp
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J/ψ suppression in Pb-Pb: results and comparison with RHIC	



Smaller J/ψ suppression in spite of the factor 13 in √s (and more 
evident at small pt)	


	


J/ψ are suppressed in the QGP , as at lower energies, BUT are 
(re)generated from the large number of  freely roaming charm 
quarks in the QGP (only important at low pT !) ?	
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ALICE, 2.5<y<4 

PHENIX, 1.2<|y|<2.2 

ALICE, |y|<0.9 

PHENIX, |y|<0.35 

Color Screening

cc



Perspectives: the long way to precision Heavy Flavor Physics	


with the LHCb upgrade (and some specific contributions	



from Atlas and CMS)	
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Final goal : reach theory error	
  



Conclusions	


	


Heavy Flavor can be considered as a portal to the discovery and to understand the 
flavor structure of New Physics	


	


The excellent performances of LHC and of the experiments has allowed to start 
producing exciting results in the Heavy Flavor Physics domain (LHCb in particular)	


	


Standard Model is still rock solid but yet there is large room for unexpected 
phenomena: indirect searches are complementing direct searches for Supersymmetry	


	


A lot of activities and very good perspectives for precise measurements in CP violation 
in b- and c- hadrons, CKM matrix, very rare decays, and heavy flavor production in 	


p-p and Pb-Pb collisions. LHC has produced already the best measurements in the field	


	


Looking forward to operate at 13 TeV in 2015 to collect more data	


	


LHCb upgrade is planned to increase statistics by more than one order of magnitude to 
discover New Physics and to pin down theoretical expectations in Flavor Physics within 
the next decade !	
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