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Contents 

Flavour Physics covers an enormous range of topics and so I have had to be 

very selective (my apologies). 

  Overview : 

•! Flavour Physics and the Golden Triangle 

•!Hints of New Physics beyond the SM 

•!Status of LHCb and its discovery potential  

•! The Menu for the Future 

If you would like to hear more, please listen in to the “Flavour Physics & Rare 

Decays” and “LHC Results & Commissioning” parallel sessions. 

Special thanks go to Adrian Bevan, Tim Gershon, Cristina Lazzeroni, Yoshi Uchida, 

Guy Wilkinson and all those who unknowingly helped by giving excellent talks at 

recent conferences, such as Aspen, La Thuile and Moriond 2010. 
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Flavour Physics 

Flavour physics is highly successful. It has led the way to 

–! The 3 generation Standard Model  

–! The CKM picture of flavour 

–! CP Violation 

Many open questions found in the flavour sector 

–! Why are there 3 generations ? 

–! What determines the hierarchy of fermion masses ? 

–! What determines the elements of the CKM matrix ? 

–! What is the relationship between the CKM matrix and the neutrino mixing 

matrix ? 

–! What is the origin of CP Violation ?  

Flavour physics also helps to understand open questions in cosmology        

e.g. SM CPV insufficient to explain matter/antimatter asymmetry 

2008 
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Flavour Physics 

The state of the art is encapsulated in the Unitarity Triangle  
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Summary and outlook
• Recent progress on ! or "3 (the

hardest UT angle to measure).

– We are still statistics limited, even
with full datasets.

• BaBar  B!D(*)K(*) ; D !Ksh
+h-

analysis benefited from overlap with
D0 mixing analysis (Jordi Garra Tico
in next talk).

– Dalitz model systematic on gamma
reduced from 5o to 3o.

• Projections for analysis at LHCb look
very good

– Much higher signal statistics

– Model independent approach viable
using input from CLEOc.

• Super e+e- flavor factory would also
do very well.

http://ckmfitter.in2p3.fr

See also UTfit analysis at

http://www.utfit.org/

L.Wolfenstein PRL 51 (1983) 1945 
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Flavour Physics 

The state of the art is encapsulated in the Unitarity Triangle  

       

Amazing consistency ! Beautiful validation of CKM picture. 
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Flavour Physics 

The state of the art is encapsulated in the Unitarity Triangle  

       

Amazing consistency ! Beautiful validation of CKM picture. 

Amazing consistency ! Any New Physics contributions are small. 
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Overall ! (or "3) results
Frequentist interpretation Bayesian interpretation

http://www.utfit.orghttp://ckmfitter.in2p3.fr

µ supremum method used to combine HFAG

averages of experimental inputs (conservative, but

guarantees coverage).

See Karim Trabelsi’s talk at CKM 2008 for details.

The Golden Triangle 

Fantastic achievement by the B Factories to test the SM picture of quark 

couplings, especially CP Violation. 
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|Vcb| |Vub| 

Inclusive 1-2% 6-7% 

Exclusive 3% 10% 

Difference ~2!" ~1-2!"

IoP HEPP/APP Conference 
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Beyond the SM 

NP models introduce new particles which could 

–! be produced and discovered as real particles  

–! appear as virtual particles in loop processes # deviations from the SM in flavour 

physics and CPV 

NP needs to have a special flavour structure 

–! to provide the suppression mechanism for FCNC processes already observed. 

–! Some say it may be too “special”… Minimal Flavour Violation (MFV) models in which 

the flavour structure of the NP is governed by the CKM matrix. 

The only sure way to find out is to look more closely and measure the flavour 

structure to distinguish between the NP models. 

Flavour physics (at the precision frontier) goes hand-in-hand with direct 

searches (at the energy frontier) 
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Br(K0
L#µµ) & GIM # prediction of charm 

CP violation # need for a 3rd generation 
B mixing # top quark is very heavy 

Flavour physics is a 

proven tool of discovery   



Summary of B !"D(*)#+$# measurements

!"#$%&'"()!*+tag reconstruction

Belle preliminary, arXiv:0910.4301 [hep-ex]

SM

BaBar PRL 100, 021801(2008)

C.-H. Chen and C.-Q. Geng, JHEP 0610, 053 (2006)

this analysis(B+!"D(*)0#+$) and PRL 99, 191807(2007) (B0!"D*-#+$)

stat.syst.

!),$%&'"()!*+tag reconstruction

SM

SM

Tensions within the UT 

Look further into the measurements that feed into the UT and see that all is not 

totally consistent.  

>2! discrepancy between Br(B# $%) and CKM from other measurements  

Persists in B# Dl% decays 
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The “K& Puzzle!"

“K& Puzzle” published by Belle in Nature 2008…. 

Direct CPV asymmetry in B0#K+&- decays different to B+#K+&0 decays ?? 

     Possible explanations: 

     - Enhancement of colour suppressed 

       tree amplitude 

     - Enhancement of EW penguin  

                      amplitude – clear evidence for New 

       Physics 

In order to progress need to measure B0#K0&0 (SFF) and use robust model 

independent approach 
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CP
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+#$( ) $ ACP K +# 0( )
= $0.147 ± 0.028

5.3!"
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Gronau and Rosner, PRD 74 (2006) 057503 

Fleischer et al (& refs therein); PRD 78 (2008) 111501  

M.Gronau : PLB 82 (2005) 627  
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FIG. 6: Combined two-dimensional profile likelihood as confidence contours of βJ/ψφ
s and ∆Γs for DØ’s published analysis

using 2.8 fb−1 of data [3] and CDF’s preliminary analysis also using 2.8 fb−1 of data [4]. The Standard Model expectation and
uncertainty is indicated by the black line. The region allowed in new physics models given by ∆Γs = 2|Γ12| cos φs (i.e., CP
violation in the interference between mixing and decay amplitudes) is also shown (light green band).

[6] http://www-d0.fnal.gov/Run2Physics/WWW/results/final/B/B08A/likelihoods/index.html
[7] E. Barberio et al. [Heavy Flavor Averaging Group], arXiv:0808.1297 [hep-ex].
[8] http://www-cdf.fnal.gov/physics/new/bottom/071214.blessed-tagged BsJPsiPhi/Combination Info/Combination main.html
[9] K.S. Cranmer, PHYSTAT-2003-WEMT004, proceedings of PHYSTAT 2003, Statistical problems in particle physics, as-

trophysics and cosmology [arXiv:physics/0310108]; G. Punzi, in Oxford 2005, Statistical problems in particle physics,
astrophysics and cosmology, 88-92 [arXiv:physics/0511202].

. 

Bs#J//'(  

Mixing induced CPV in Bs#J//'( is a golden mode at hadron machines 

–! Precisely predicted in SM 

–! Very small in SM, any signal at present sensitivity is exciting  

–! P#VV decay, mixture of CP-even and CP-odd final states (angular 
analysis) 

Recent results from Tevatron have understandably caused a lot of interest 
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p-value: 3.4% = 2.12!"
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D0 Public note 5928 
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FIG. 7: One-dimensional likelihood profile for βJ/ψφ
s for DØ’s published analysis using 2.8 fb−1 of data [3] and CDF’s preliminary

analysis also using 2.8 fb−1 of data [4].

. 



Bs#(( 

Bs#(( is the charmless analogue to Bs#J//'( "

-! An independent P#VV decay; can extract )*s and +s.  

-! Dominant SM process is b#s penguin, any signal would indicate NP.  

-! CDF  have performed a first stage measurement of Br.  
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Br Bs "##( )
Br Bs " J $#( )

= 1.78 ± 0.14(stat) ± 0.20(sys)( ) %10&2

15

FIG. 8: KKKK invariant mass with overlaid the fit described in section V to determine the number of B0
s→φφ candidates
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2-d fit in (!E, Mbc), simultaneous over sub-modes!

23.6 fb–1 

Bs at the ,(5s)  

Belle have analyzed 23.6 fb-1 data at the ,(5s), ~100 fb-1 yet to be analyzed.        
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FIG. 1: Differential branching fractions for the (a) K∗!+!− and (b) K!+!− modes as a function
of q2. The two shaded regions are veto windows to reject J/ψ(ψ′)X events. The solid curves show

the SM theoretical predictions with the minimum and maximum allowed form factors [16]. (c) and
(d) show the fit results for FL and AFB in K∗!+!− as a function of q2, together with the solid

(dotted) curve representing the SM (C7 = −CSM
7 ) prediction [16]. (e) is the AI asymmetry as a

function of q2 for the K∗!+!− (filled circles) and K!+!− (open circles) modes.

with the same final states, B → J/ψK(∗) with J/ψ → "+"−. Other uncertainties such as
kaon and pion identification efficiencies, fitting PDFs, background contamination from J/ψ
decays and charmless B decays, and the number of BB pairs are found to be small. The
total systematic uncertainties in the branching fractions for different decay channels are
6.8%–12.2% and 5.2%–7.4% for the K∗"+"− and K"+"− modes, respectively.

The main uncertainties for angular fits are propagated from the errors on the fixed nor-
malizations and FL, determined from Mbc–MKπ and cos θK∗ fits, respectively. Fitting bias
and fitting PDFs are checked using large B → J/ψK(∗) and MC samples. The total un-
certainties for the FL and AFB fits depend on the q2 bin and range from 0.02–0.06 and
0.03–0.13, respectively. The systematic errors on ACP are assigned using the CP asymme-
try measured in sideband data without R and Rsl selections and are found to be 0.01–0.02.
The systematic error on RK(∗) (AI) is determined by combining the uncertainties from lep-
ton (K/π) identification, R and Rsl selections, fitting PDFs and background contamination.
The uncertainty in AI from the assumption of equal production of B0B̄0 and B+B− pairs
is also considered. The correlated systematic errors among q2 bins are negligible for all the
measurements.

In summary, we report the differential branching fraction, isospin asymmetry, K∗ longi-
tudinal polarization and forward-backward asymmetry as functions of q2, as well as total
branching fractions, lepton flavor ratios, and CP asymmetries for B → K(∗)"+"−. These
results supersede our previous measurements [3] and are consistent with the latest BaBar
results [4, 20] with better precision. The differential branching fraction, lepton flavor ratios,
and K∗ polarization are consistent with the SM predictions. No significant CP asymmetry
is found in the study. The isospin asymmetry does not deviate significantly from the null
value. The AFB(q2) spectrum for B → K∗"+"− decays tends to be shifted toward the pos-
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(dotted) curve representing the SM (C7 = −CSM
7 ) prediction [16]. (e) is the AI asymmetry as a

function of q2 for the K∗!+!− (filled circles) and K!+!− (open circles) modes.
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FIG. 2: K∗!+!− fits: (a) low q2 mES, (b) high q2 mES, (c)
low q2 cos θK , (d) high q2 cos θK , (e) low q2 cos θ!, (f) high
q2 cos θ!; with combinatorial (dots) and peaking (long dash)
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tion results of |CNP
10 | <∼ 10 [18]. Our results are consistent

with measurements by Belle [19], and replace the earlier
BABAR results in which only a lower limit on AFB was
set in the low q2 region [20].
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q2 (GeV2/c2) Nsig B(10−7) FL AFB

0.00-2.00 8.52± 3.05 0.98± 0.40± 0.09 0.53+0.32
−0.34 ± 0.07 +0.13+1.65

−0.75 ± 0.25
2.00-4.30 8.91± 2.79 1.00± 0.38± 0.09 0.40+0.32

−0.33 ± 0.08 +0.19+0.40
−0.41 ± 0.14

4.30-8.68 16.86± 5.31 1.69± 0.57± 0.15 0.82+0.19
−0.23 ± 0.07 −0.06+0.30

−0.28 ± 0.05
10.09-12.86 25.71± 5.38 1.97± 0.47± 0.17 0.31+0.19

−0.18 ± 0.02 +0.66+0.23
−0.20 ± 0.07

14.18-16.00 21.91± 3.95 1.51± 0.36± 0.13 0.55+0.17
−0.18 ± 0.02 +0.42+0.16

−0.16 ± 0.09
16.00-19.30 19.78± 4.78 1.35± 0.37± 0.12 0.09+0.18

−0.14 ± 0.03 +0.70+0.16
−0.25 ± 0.10

0.00-4.30 17.43± 4.13 1.98± 0.55± 0.18 0.47+0.23
−0.24 ± 0.03 +0.21+0.31

−0.33 ± 0.05

TABLE IX: Summary of B0 → K∗0µ+µ− fit results. First (second) error is statistical (systematic). Last row shows the result
of combined first and second bin fit.

q2 (GeV2/c2) Nsig B(10−7) FL AFB

0.00-2.00 11.58± 4.60 0.38± 0.16± 0.03 - −0.15+0.46
−0.39 ± 0.08

2.00-4.30 18.02± 5.48 0.58± 0.19± 0.04 - +0.72+0.40
−0.35 ± 0.07

4.30-8.68 34.53± 8.87 0.93± 0.25± 0.06 - −0.20+0.17
−0.28 ± 0.03

10.09-12.86 29.15± 6.24 0.72± 0.17± 0.05 - −0.10+0.17
−0.15 ± 0.07

14.18-16.00 15.98± 4.64 0.38± 0.12± 0.03 - +0.03+0.49
−0.16 ± 0.04

16.00-23.00 13.94± 5.00 0.35± 0.13± 0.02 - +0.07+0.30
−0.23 ± 0.02

0.00-4.30 29.37± 7.15 0.96± 0.25± 0.06 - +0.36+0.24
−0.26 ± 0.06

TABLE X: Summary of B+ → K+µ+µ− fit results. First (second) error is statistical (systematic). Last row shows the result
of combined first and second bin fit.
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B #.#µµ  

FCNC b#s transition, very sensitive to NP                                                  

The forward-backward asymmetry arises from                                              

the interference between / and Z0 contributions 

Most reliable predictions are at low q2 (1-6 GeV2)                                                     

Early results are showing intriguing hints. ! 
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Charm Mixing 

Charm offers a unique potential for the discovery of NP  

Current measurements of charm mixing exclude many regions of NP space 
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Lepton Flavour Violation 

Studies of LFV are setting world class limits on New Physics. 

BaBar: $#e/µ / limits ~ 3-4 x 10-8 and ,(2S/3S) #e/µ $ limits ~ 3-4 x 10-6 

MEG (at PSI): First run (2008) for µ#e/ has set a BR limit at 2.8x10-11, 

approaching MEGA limit. Ultimate goal is 10-13. 

NA62 : Based on 40% of data set has measured  
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In models with slepton 

mixing )13 above 10-3, 
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FIG. 1: Differential branching fractions for the (a) K∗!+!− and (b) K!+!− modes as a function
of q2. The two shaded regions are veto windows to reject J/ψ(ψ′)X events. The solid curves show

the SM theoretical predictions with the minimum and maximum allowed form factors [16]. (c) and
(d) show the fit results for FL and AFB in K∗!+!− as a function of q2, together with the solid

(dotted) curve representing the SM (C7 = −CSM
7 ) prediction [16]. (e) is the AI asymmetry as a

function of q2 for the K∗!+!− (filled circles) and K!+!− (open circles) modes.

with the same final states, B → J/ψK(∗) with J/ψ → "+"−. Other uncertainties such as
kaon and pion identification efficiencies, fitting PDFs, background contamination from J/ψ
decays and charmless B decays, and the number of BB pairs are found to be small. The
total systematic uncertainties in the branching fractions for different decay channels are
6.8%–12.2% and 5.2%–7.4% for the K∗"+"− and K"+"− modes, respectively.

The main uncertainties for angular fits are propagated from the errors on the fixed nor-
malizations and FL, determined from Mbc–MKπ and cos θK∗ fits, respectively. Fitting bias
and fitting PDFs are checked using large B → J/ψK(∗) and MC samples. The total un-
certainties for the FL and AFB fits depend on the q2 bin and range from 0.02–0.06 and
0.03–0.13, respectively. The systematic errors on ACP are assigned using the CP asymme-
try measured in sideband data without R and Rsl selections and are found to be 0.01–0.02.
The systematic error on RK(∗) (AI) is determined by combining the uncertainties from lep-
ton (K/π) identification, R and Rsl selections, fitting PDFs and background contamination.
The uncertainty in AI from the assumption of equal production of B0B̄0 and B+B− pairs
is also considered. The correlated systematic errors among q2 bins are negligible for all the
measurements.

In summary, we report the differential branching fraction, isospin asymmetry, K∗ longi-
tudinal polarization and forward-backward asymmetry as functions of q2, as well as total
branching fractions, lepton flavor ratios, and CP asymmetries for B → K(∗)"+"−. These
results supersede our previous measurements [3] and are consistent with the latest BaBar
results [4, 20] with better precision. The differential branching fraction, lepton flavor ratios,
and K∗ polarization are consistent with the SM predictions. No significant CP asymmetry
is found in the study. The isospin asymmetry does not deviate significantly from the null
value. The AFB(q2) spectrum for B → K∗"+"− decays tends to be shifted toward the pos-
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FIG. 1: Differential branching fractions for the (a) K∗!+!− and (b) K!+!− modes as a function
of q2. The two shaded regions are veto windows to reject J/ψ(ψ′)X events. The solid curves show

the SM theoretical predictions with the minimum and maximum allowed form factors [16]. (c) and
(d) show the fit results for FL and AFB in K∗!+!− as a function of q2, together with the solid

(dotted) curve representing the SM (C7 = −CSM
7 ) prediction [16]. (e) is the AI asymmetry as a

function of q2 for the K∗!+!− (filled circles) and K!+!− (open circles) modes.

with the same final states, B → J/ψK(∗) with J/ψ → "+"−. Other uncertainties such as
kaon and pion identification efficiencies, fitting PDFs, background contamination from J/ψ
decays and charmless B decays, and the number of BB pairs are found to be small. The
total systematic uncertainties in the branching fractions for different decay channels are
6.8%–12.2% and 5.2%–7.4% for the K∗"+"− and K"+"− modes, respectively.

The main uncertainties for angular fits are propagated from the errors on the fixed nor-
malizations and FL, determined from Mbc–MKπ and cos θK∗ fits, respectively. Fitting bias
and fitting PDFs are checked using large B → J/ψK(∗) and MC samples. The total un-
certainties for the FL and AFB fits depend on the q2 bin and range from 0.02–0.06 and
0.03–0.13, respectively. The systematic errors on ACP are assigned using the CP asymme-
try measured in sideband data without R and Rsl selections and are found to be 0.01–0.02.
The systematic error on RK(∗) (AI) is determined by combining the uncertainties from lep-
ton (K/π) identification, R and Rsl selections, fitting PDFs and background contamination.
The uncertainty in AI from the assumption of equal production of B0B̄0 and B+B− pairs
is also considered. The correlated systematic errors among q2 bins are negligible for all the
measurements.

In summary, we report the differential branching fraction, isospin asymmetry, K∗ longi-
tudinal polarization and forward-backward asymmetry as functions of q2, as well as total
branching fractions, lepton flavor ratios, and CP asymmetries for B → K(∗)"+"−. These
results supersede our previous measurements [3] and are consistent with the latest BaBar
results [4, 20] with better precision. The differential branching fraction, lepton flavor ratios,
and K∗ polarization are consistent with the SM predictions. No significant CP asymmetry
is found in the study. The isospin asymmetry does not deviate significantly from the null
value. The AFB(q2) spectrum for B → K∗"+"− decays tends to be shifted toward the pos-
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FIG. 6: Combined two-dimensional profile likelihood as confidence contours of βJ/ψφ
s and ∆Γs for DØ’s published analysis

using 2.8 fb−1 of data [3] and CDF’s preliminary analysis also using 2.8 fb−1 of data [4]. The Standard Model expectation and
uncertainty is indicated by the black line. The region allowed in new physics models given by ∆Γs = 2|Γ12| cos φs (i.e., CP
violation in the interference between mixing and decay amplitudes) is also shown (light green band).
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Several hints of non-SM behaviour exist in the flavour sector… 

and some others that have not been discussed here e.g.          and  

Several of the hints occur in observables that should be sensitive to NP 

Another convincing argument to increase statistics in             

nearly all observables and to search in others.  

Keep on searching…. 

“K& Puzzle” 

+eff 

0#$% 

0#.#µµ 
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Heavy Flavour Experiments  

Open Charm Factories 

CLEO-c collected 818 pb-1 at '(3770) and similar above Ds               

threshold. BES-III will start operation this year – hope for order                      

of magnitude more data than CLEO 

B-Factories 

771M+463M BB-bar pairs collected by Belle and                                    

BaBar. Belle have another 100 fb-1 collected at                                           

,(5s) (~6M Bs events). Amazing output already,                                           

but many analyses still to be completed. 

Tevatron 

Around 8 fb-1 per experiment already collected. Very      
few results presented so far have more than 3-4 fb-1.     

One more year (so far) confirmed to provide ~10-12 fb-1.              

Hope enough manpower remains to fully exploit this                                             

gold mine. 
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Heavy Flavour Experiments (cont) 

LHC 

Now running ! All LHC experiments will contribute.  

Will focus on LHCb… 

2008 % 2009 : several million cosmics events, injection line beam dump  

2009             : First events 21st Nov (magnet on, VELO retracted) 

   Physics run 6-15th Dec, recorded ~7µb-1 

   260k pp collisions at 450 GeV, 80k beam-gas events 

2010/2011    : Hoping for 200 pb-1 /1 fb-1  at 3.5+3.5 TeV (VELO closed) 

Collisions start today !! 
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LHCb 

Interaction 

point 

An experiment dedicated to the 

search for New Physics in heavy 

flavours 

Forward single arm spectrometer 

Excellent tracking   

precision silicon VELO detector 

              Excellent particle identification 

              2 RICH detectors 

" " " " "           &/. separation over p ~2$100 GeV 

               Efficient Trigger 

               Low pT lepton, //&0 & hadron thresholds 
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First pp collisions 

30th March 2010 IoP HEPP/APP Conference 19/35 



In just 9 days in 2009 LHCb “rediscovered”                                                           

a major part of 20th century physics…. 

-! Spectrometer performing very well 

-!Momentum resolution ~20%  worse than          

simulation 

-! Alignment in full swing 

-! &0 resolution expected to improve by ~25%  

LHCb first results 
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LHCb Particle Identification 
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LHCb First Physics Result 

First LHCb physics result presented at Moriond QCD, March 14th 
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Prompt K0
S

production in pp collisions at
√

s = 900 GeV Ref: LHCb-XXX-2010
Conference Note Issue: 2
5 References Date: March 19, 2010

 [GeV/c]
t

p
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

b
/(

G
e
V

/c
)]

µ
d

y
) 

  
  
[

t
/(

d
p

!
2

d

3
10

4
10

Ks LHCb 2009 data

Perugia 0

LHCb Pythia tuning

LHCb 2009 data preliminary

Ks  2.5 < y < 3.0

 [GeV/c]
t

p
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

b
/(

G
e
V

/c
)]

µ
d

y
) 

  
  
[

t
/(

d
p

!
2

d

3
10

4
10

Ks LHCb 2009 data

Perugia 0

LHCb Pythia tuning

LHCb 2009 data preliminary

Ks  3.0 < y < 3.5

 [GeV/c]
t

p
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

b
/(

G
e
V

/c
)]

µ
d

y
) 

  
  
[

t
/(

d
p

!
2

d

3
10

410

Ks LHCb 2009 data

Perugia 0

LHCb Pythia tuning

LHCb 2009 data preliminary

Ks  3.5 < y < 4.0

Figure 5 Differential prompt K0
S production cross section in pp collisions at

√
s = 900 GeV as a

function of pT for three different rapidity bins. The thick (thin) vertical error bars are the statistical
(total) uncertainties. The curves are predictions from two tunings of the PYTHIA generator (see text).
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Pythia 6.4: 

 T.Sjostrand et al JHEP 05 (2006) 026. 

Perugia tunes :  
P.Z.Skands arXiv:0905.3418v1 [hep-ph] 

Prompt K0
S production in pp

collisions at
√

s = 900 GeV∗

Conference Note
Issue: 2
Revision: 0

Reference: LHCb-XXX-2010
Created: March 12, 2010
Last modified: March 19, 2010

Prepared by: The LHCb collaboration

∗Prepared for the Rencontres de Moriond, QCD and High Energy Interactions, La Thuile, March 13–20, 2010.



The LHCb expectations for key flavour physics channels is well documented in 

the 

What can we expect with the 2010/2011 run (1fb-1) ? 

The study of min-bias events will continue        

e.g. track multiplicities, jet structure, 1/1                     

and baryon/meson production.                        

LHCb will also start its core physics          

programme of charm  and B physics

The Road to NP… 

LHCb-PUB-2009-029 
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DRAFT
LHCb-PUB-2009-029

3 December 2009

Roadmap for selected key
measurements of LHCb

The LHCb Collaboration1

Abstract

Six of the key physics measurements that will be made by the LHCb experiment, concern-
ing CP asymmetries and rare B decays, are discussed in detail. The “road map” towards
the precision measurements is presented, including the use of control channels and other
techniques to understand the performance of the detector with the first data from the
LHC.

1Authors are listed on the following pages.



Charm 

Enormous charm statistics expected in 2010/2011 due to a high production 

cross-section and high trigger efficiencies due to lower trigger thresholds at 

low luminosity (<1031 cm-2s-1) 

          ~4M D#+#D0(K- !+)!+ in 100 pb-1 

 (compared to 0.26M in BaBar’s yCP measurement PRD80 (2009) 071103) 

Extensive charm physics programme will include: 

-!Measurements of D0 mixing 

 No single measurement is 5! yet 

-! Studies of CPV in charm decays 

 Negligible in SM, but can be large with NP 

-! Searches for rare decays  

   e.g D0# µ+µ-, D+# h+ll"
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LHCb 
Generic Monte 

Carlo 

D*+ " D0(K- !+) !+ 

In approx 0.02 pb-1 



Bs#J//'(  

If nature agrees with the Tevatron central value of CPV phase, then LHCb 

can make a 5! discovery with the 2010/2011 data. Statistical sensitivity on 

measured CPV phase 20.07 with 1 fb-1. 
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Approximate sensitivity 

needed to establish  

non-zero CPV phase if 

Tevatron central value 

is true 



!

4.0σ SM exclusion
√

s = 7 TeV
σbb = 219 µb

" "

" "

1

∫
ℒ − ⇒

⇒ ∼

→ ∗

B #.#µµ 

With 1fb-1 LHCb expects ~1200 events and should clarify existing situation. 

If picture becomes more SM-like, then next task will be to pin-down the 

position of AFB=0 which is cleanly predicted. Precision of ~0.8 GeV2 with 1fb-1. 
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SM average 

SM prediction 

0807.2589 
BaBar 

Belle 
LHCb expected 

Note opposite 

sign convention 

to slide 12 



The tree-level vanishing points are also indicated in the
upper-right frame as intersections of the MH! and tan!"
MB! lines. We observe that the resummed threshold effects
enhance the charged-Higgs-boson contribution when
!M # 180$ and suppress it when !M # 0$. As can be
seen from the lower-left frame of Fig. 9, for !M # 90$, the
tan! dependence of RB"# becomes rather similar to the
tree-level one. However, as displayed in the lower-right
frame of Fig. 9, there is a nonvanishing contribution from
the imaginary part of the coupling %gLy

H& "du'13=V13.

E. Effects on B ! Xs!

The current experimental bound on B%B ! Xs$' with a
photon energy cut of E$ >Ecut # 1:6 GeV is [50]

 B%B ! Xs$'EXP # %3:55! 0:24(0:09
&0:10 ! 0:03' " 10&4:

(5.7)

Our estimate of the SM prediction based on the NLO
calculation is 3:35" 10&4, which is about 1% larger than
the NNLO result, %3:15! 0:23' " 10&4 [36]. In Fig. 10 we
show the branching ratio B%B ! Xs$' and the direct CP
asymmetry Adir

CP%B ! Xs$' as functions of tan!. In the
upper-left frame, we include only the charged-Higgs con-

tribution, which increases the branching ratio. The larger
contribution in the high- tan! region is due to the decrease
of the charged-Higgs-boson mass. In the upper-right frame
of Fig. 10, we add the contribution from the chargino-
mediated loops. This contribution largely cancels the
charged-Higgs contribution, when !M & 90$. Instead, if
!M is larger than )90$, the chargino contribution inter-
feres constructively with the SM one, resulting in a rapid
increase of the branching ratio as tan! grows. This behav-
ior can be understood from the fact that the dominant
contribution to C&!

7;8 comes from the last term of
Eq. (4.16), which is proportional to )ei!At =c!, and the
branching ratio is proportional to its real part, namely
cos!At

=c!. We recall that the phase !At
at the low-energy

scale can largely be induced by nonvanishing !M even
when !GUT

A vanishes (see the upper frames of Fig. 4). In the
lower-left frame of Fig. 10, we show the full result includ-
ing the contribution of the gluino-mediated loops, which is
nonvanishing in the presence of flavor mixing in the down-
type squark mass matrix. We find that it is numerically
negligible for the parameters chosen. In the same frame, as
well as in the upper-right one, we show the case of the
common phase !M # 60$, in which there is a nearly exact
cancellation between the chargino and charged-Higgs con-
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FIG. 8 (color online). The branching ratio B%Bs ! '('&' in the upper-left frame and the relevant couplings in the other three
frames, in units of GeV&1 as functions of tan!%MSUSY'. The line conventions and the parameters chosen are the same as in Fig. 6,
except that the two horizontal lines in the upper-left frame are for the SM prediction and the current upper limit at 90% C.L.

JOHN ELLIS, JAE SIK LEE, AND APOSTOLOS PILAFTSIS PHYSICAL REVIEW D 76, 115011 (2007)

115011-16

812th International Conference on B-Physics at Hadron Machines, September 7 ! 11 2009, Heidelberg, Germany

J.Ellis et. al. Phys.Rev.D76:115011, 2007[ arXiv:0708.2079v4 [hep-ph] ] (2008)

M C P V M F V: Enhancements up to current 

u.l, but also < SM depending on the phases

C M SS M m G M SB m A M SB

BR(Bs! "+"-) ~4.5x10-8 ~3.2x10-8 ~0.4x10-8

S. Heinemeyer et al.,

arXiv:0805.2359v2 [hep-ph]

!"###$%%&
Some examples from SUSY

J.Ellis et al. JHEP0710:092,2007 [arXiv:0709.0098v2 [hep-ph] ]

10 -7

2x10 -8

5x10 -9

N U H M : best #2 of the fit ! BR ~2x10-8

Very Rare Bs#µµ  

Very rare and golden FCNC b#s transition 

SM prediction 

Strong enhancements in SUSY~ tan6+"

Current experimental limit:  
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! 

Br B
s
" µ+µ#( ) = 3.35 ± 0.32( ) $10#9

Blanke et al JHEP 0610:003 (2006) 
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Very Rare Bs#µµ 

Main issue is background rejection 

Key variables in Bs#µµ likelihood can 

be tested with Ks decays in 2009 data 

              LHCb can discover signal down to                         
             Br~2x10-8 in 2010/2011. 

              Significant input from ATLAS/CMS 

             expected  

              Potential to be LHC’s first “big discovery” 
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i.p. of Ks 

wrt PV 

DOCA of &"

wrt Ks vtx 

Ks lifetime 

i.p. of &"
wrt PV 
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SM prediction

3! Evidence

5! Observation

!
"
!"" #$%$&'%()*

Significant input also expected from ATLAS/CMS.

Key variables in the LHCb

Bs!"" likelihood can be tested 

with K0
S decays in 2009

LHCb can discover signal down to <2 x 10-8 in 2010-11.

Could be the big result of first LHC run ?

IP of K0
S

w.r.t. PV

DOCA. of !

w.r.t. K0
S vtx

# data

# MC
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Flavour Menu 
Starter 

B Factories and Tevatron early running 

Validate CKM picture of CPV 

Main Course 

Tevatron later running and LHCb 

Discover New Physics (hopefully!) 

Accompaniment 

Ultra rare kaon decays (NA62 and KOTO) 
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Ultra Rare Kaon Decays 

NA62 (CERN) and KOTO (JPARC) will make stringent tests of the SM by 

measuring the ultra rare K+#&+%% and K0
L#&0%% decays. 

NA62 is designed to collect ~100 K+#&+%% candidates with 10% background 

in 2-3 years of data-taking (start 2012). Sensitivity ~10%. 
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SM prediction is 

highly suppressed  
(<10-10) and  

calculable with % 
precision. 

33

The future of NA62: K!""
!#!"""#$%&'(&$)*+,,-#*,&+./#0&.0)$)1&#$'#23/#+,4'0$#5.&67,'(&8

Branching ratio $1010

Theory (SM) Experiment

K+#!+""(%) 0.82&0.08 1.73+1.15
–1.05

KL#!0"" 0.28&0.04 <670 (90% CL)

9!:#5.)$+()$-#$()+.;,&#<)$%#=+'.0

BR(K+#!+"") ~ |Vts
*Vtd|

2

C. Smith, CKM’08

E. Goudzovski / Liverpool, 22 October 2009

• Ultra-rare FCNC processes, proceed
via penguin and loop diagrams only.

• Hadronic matrix element extracted
from precise K#!e" measurements.

• Exceptional SM precision not matched
by any other loop-induced meson decay.

• Uncertainties mainly come from
charm contributions.

34

Sensitivity of new physics

BR(K+!"+##) $1010: selected models

SM 0.82%0.08

MFV
(hep-ph/0310208)

1.91

EEWP
(NPB697 (2004) 133,
hep-ph/0402112)

0.75%0.21

EDSQ
(PRD70 (2004) 093003,
hep-ph/0407021)

up to 1.5

MSSM

(NPB713 (2005) 103, 
hep-ph/0408142)

up to 4.0

!"#$%&'($)*++,-*.,/0*1$,023$/*$2#,34.#$567889$:;!";##

),1<0<,/#3$=0/"$>78?$-,)@A.*41<$01$(BC$D#,.3$*E$<,/,$/,@01A

• Large variations in predictions for new physics.
• Need a 10% precision measurement to provide a stringent SM test.

E. Goudzovski / Liverpool, 22 October 2009
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LHCb Upgrade 

In the next few years LHCb will accumulate 5-10 fb-1, making more precise 

measurements in topics already discussed, plus in CKM angles esp. / (few 

deg), B"hh, B"hhh and Bs"(/. 

LHCb also plans to upgrade to run at 10x higher luminosity and collect 100 fb-1, 

thereby fully exploiting the flavour potential of the LHC. 

The trigger is key to the upgrade 

" readout of whole detector at 40 MHz 

" software based displaced vertex trigger. 

Overall yields wrt LHCb :  

" 10x leptonic modes 

" 20x hadronic modes 

TDR is being written now with a view to upgrading as soon as plausible given 

the R&D and construction required and the LHC schedule. 
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readout rate, are integrated within the vacuum envelope of the tube. This precludes simply replacing 

the readout chip.  

 

 

 
 

Figure 4 – A schematic of the LHCb detector with a single RICH detector, which will include a ToF 

system and is placed downstream of the magnet and the tracking system. 

 

Every effort will be made to re-use the existing RICH PID geometry through an optimisation of the 

LHCb detector performance as a whole. Nevertheless, we are already concerned about the 

occupancy and backgrounds at higher luminosity and also the significant material budget (8% of a 

radiation length for RICH-1). We also have a concern that the low photon yield of aerogel (a mean 

of 5.5 photons per saturated track) will be inadequate in such a harsh environment, hence 

compromising the crucial low-momentum PID. Additionally, the space currently occupied by 

RICH-1 is already in very high demand for the optimisation of rest of the LHCb, in particular to 

maximise the magnetic field of the spectrometer in this region. For these reasons, we are forced to 

not only consider the current RICH geometry, but also optimise the particle PID with a ToF system 

working in conjunction with a new, single downstream RICH. In this optimisation process, 

performance versus cost-effectiveness of the overall design will be a major issue. 

 

The project is divided into five sub-workpackages. These are 1) Simulation and Optimisation, 2) 

Photon Detectors, 3) Detector Mechanics and Optics, 4) Electronics Readout and Data Acquisition 

and 5) Test-beam Characterisation and Infrastructure. The workpackages, which are described in 

detail in Section 5.3, have the following key objectives: 

• Design of a particle identification system for the upgraded LHCb detector, optimised for 

physics reach. Develop the simulation and reconstruction software to verify the detector 

performance and robustness to background at increased luminosity.  

• Evaluate candidate photon detectors for the RICH and the ToF sub-systems in the laboratory 

and decide the photon detector technologies, which could be common for both sub-systems. 

The photon detectors being considered for the PID system are the flat-panel multi-anode 

PMTs from Hamamatsu and the micro-channel plate photomultipliers (MCPs) from 

Photonis-Burle/Photek. 

• Study the feasibility of the mechanical design of the RICH system and its implication for the 

upgraded spectrometer. 

Super-LHCb? 



Super Flavour Factories 

The Super Flavour Factories offer a complementary flavour physics 

programme, especially for inclusive rare processes and LFV. 

Two options: 

SuperB : INFN provided R&D funds in FY09, project recommended for 

funding and decision on approval is anticipated within the next few months. 

SuperKEKB: Funding has been provided for the Damping Ring in FY10. 
MEXT is seeking full approval of the project 
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50 ab-1 in Y11 
incl. 3 year 

construction 

50 ab-1 in Y6 + 5 year  
construction 

Asymmetric energy  

(~4x7 GeV),  
low emittance machines 

Luminosity 1036 cm-2s-1 

50-100x  

Belle/BaBar statistics 

D.Hitlin, Aspen 2010 
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Characterize nature of  New Physics 

Coffee & Mints 

LFV in µ#e/  (COMET/PRISM and Mu2e) 
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Lepton Flavour Violation  

Charged LFV in µ#e/ decays is highly promising for a huge leap in NP 

sensitivity. 

e- emission is delayed by ~1 µs allowing use            

of pulsed primary beam to reduce background. 

Current limit (SINDRUM PSI) < 7x10-13     
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! 

µ" + N A,Z( )# e
" + N A,Z( )

COMET (JPARC) & µ2e (FNAL) :  

104 improvement in sensitivity. 

JPARC stage-1 and FNAL-CD0 approvals 

Start data-taking 2016/17. 

PRISM : Adding an FFAG µ storage 

ring provides an additional 102 

improvement in sensitivity.  

Task force led by the UK. 



Conclusions 

•! Flavour physics is important ! An excellent way to search for and 

characterize the nature of New Physics. 

•! The present picture provided by the B-Factories & Tevatron is broadly 

consistent, but contains several interesting hints. 

•! LHCb now offers the next level of precision – Flavour physics is the 

discovery frontier of the first LHC run. 

•! But still higher precision is needed and work is underway to prepare the 

way forward for the LHCb upgrade, Super Flavour Factories and LFV 

experiments.. 

•! The future of Flavour physics looks very promising…. 
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And finally…. 

30th March 2010 IoP HEPP/APP Conference 35/35 



And finally…. 
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New Physics discovered in Flavour  !!! 

When the penguins and 

the polar bear met…. 
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Solutions to the “K& Puzzle” 

See Nature commentary by Michael Peskin M.Peskin : Nature 452 (2008) 293 

T P 

T P C PEW 

If T and P dominant then )AK& 3 0 

(recent expectation) 

Gronau & Rosner : PRD59 (1999) 113002 

Enhancement of C with large strong  

phase to T 4 strong Interactions ?? 

Li & Mishima : ArXiv 0901.1272 

Enhancement of PEW from 

4 New Physics 

Fleischer et al (& ref therein) : ArXiv 0806.2900 
Also explains pattern of B#&& and B#55 Br’s 

45/83 
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Solutions to the “K& Puzzle” 

Model independent method to detect NP 

BaBar : 467M BB; PRD79 (2009) 052003 

Belle   : 657M BB; ArXiv:0809.4366  

A(K0&0) 

A(K0&+) 
H

F
A

G
 

S
u

m
 r

u
le

 

Sum rule: A(K0&0) = $0.151± 0.043 

HFAG:      A(K0&0) = $0.01± 0.10 

M.Gronau : PLB82 (2005) 627 

T.Browder, Hints ‘09 

The K& Sum Rule 
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+s  

Bs#J/'( “Gold-plated” decay equivalent to Bd#J/'Ks for sin(2+)  

Measures CP violating phase due to  

interference of mixing and decay amplitudes 

Expected to be very small in the SM 

Note: CP violating phase in flavour mixing is also very small in the SM 

NP contributions would effect both phases by same quantity 

! 

"
s

SM = arg #V
tb

*
V
ts
V
cb

*
V
cs[ ] Neglecting  

SM penguins 

! 

"
S

SM # 0.02

! 

"
s

SM = arg #M12 $12( ) % 0.004

! 

2"
s
= 2"

s

SM #$
s

NP

$
s

= $
s

SM
+ $

s

NP

A.Lenz, ArXiv:0705.3802v2 

! 

" 2#
s
= $%

s If NP phase is dominant 

30th March 2010 47/60 IoP HEPP/APP Conference 



However, Bs#J//'( analysis is non-trivial. 

P#VV decay, hence a mixture of CP-even and CP-odd final states 

with significant width )*s and mass splitting )ms 

+s sensitivity has angular dependence, rapidly oscillating in proper time. 

+s 

3 angles (6, (, 7 ) describe  

direction of final decay products 

J/' rest frame ( rest frame 

G.Giurgiu, FPCP 2009 
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+s 

Bs#J//'( signal reconstruction 

1967±65 
2.8 fb-1 

2.8 fb-1 

3166±56 
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Trigger 

Trigger crucial to the successful operation of LHCb  
–! B fraction is only ~1% of inelastic cross-section. 

–! Br’s of interesting B decays <10-4 

–! Properties of minimum bias similar to B’s 

First Level Trigger (Level-0, hardware) 

–! Largest ET hadron, e(/) and (di-)µ"

–! Pile-up system (not for µ trigger) 

 Reduces 10 MHz inelastic rate to 1MHz 

High Level Triggers (HLT, software) 

–! Run on CPU farm (1800 nodes) 

–! Access to all detector data  

–! Use more tracking to re-confirm L0 decision  

–! Full event reconstruction; inclusive and  

 exclusive selections 

 Output rate 2 kHz 

Level-0 

H
ig

h
-L

e
v
e
l 
T

ri
g
g
e
r 

Event size 

~35 kB  

per event 
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Trigger 

Expected trigger performance 

Output rate Trigger Type Physics Use 

200 Hz Exclusive B candidates Specific final states 

600 Hz High Mass di-muons J/7, b#J/7X 

300 Hz D* Candidates Charm, calibrations 

900 Hz Inclusive b (e.g. b#µ) B data mining 

Total 2000 Hz 

e(L0) e(HLT) e(total) 

Hadronic 50% 80% 40% 

Electromagnetic 70 % 60% 40% 

Muon 90% 80% 70% 
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LHCb Sensitivities 

 - 7 - 

Table 1: Sensitivities of the LHCb upgrade to key observables.  For each observable the current 

sensitivity is compared to that expected after LHCb has accumulated 10 fb
-1

 and that which will be 

achieved by the upgraded experiment.  Competing experiments are listed where they have potential 

sensitivities that are comparable to those of the LHCb upgrade (SFF indicates Super Flavour 

Factory). 

 Measurement Current 

precision 

LHCb  

(10 fb
-1

) 

LHCb 

upgrade 

(100 fb
-1

) 

Irreducible 

theory error 

Competition 

s0 AFB (K*!!) Unmeasured 4% 1% 7% None E/W 

Penguins 
AT

(2)
 (K*!!) Unmeasured 0.10 0.03 0.05 None 

S (Bs!"#) Unmeasured 0.05 0.01 <0.01 None Right-

handed 

currents 

 

A
$%

 (Bs!"#) Unmeasured 0.10 0.02 0.02 None 

Higgs 

penguins 

! 

B B
d
" µµ( )

B B
s
" µµ( )

 
Unmeasured Unmeasured ~20% ~5% ATLAS, 

CMS  

&s
NP

(

! 

B
s
"K

0*
K 

0*) Unmeasured 5º 1º <1º None 

&s
NP

(Bs'"") Unmeasured 5º 1º ~1º None 

Gluonic  

penguins 

&
NP

(Bd'"KS) 8º 8º 2º ~1º SFF 
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The LHCb upgrade has unique potential to search for new right-handed currents.  The radiative 

b's loop transition Bs'"# provides a theoretically clean measure of the polarisation of the emitted 

photon (deviations from the Standard Model prediction of almost 100% polarisation are expected in 

many New Physics models) [6,7].  The time-dependent asymmetry parameters S and A
$%

 are 

proportional to sin2(·sin2&s and sin2(·cos2&s respectively, where tan( is the magnitude of the ratio 

of amplitudes for decays to suppressed and favoured polarisation states.  The first five years of 

LHCb operation will allow the polarisation to be measured to about 10%.  The LHCb upgrade will 

improve this to the percent level, and will therefore probe the theoretically most interesting region 

of phase space. 

 

The upgraded LHCb experiment will also study other “golden” rare decays.  While the first phase 

of LHCb operation should allow the decay Bs'µµ to be observed if the rate is at, or above, its 

Standard Model branching fraction, the partner decay Bd' µµ could only be observed with the 

upgraded experiment.  Particularly important is the ratio B(Bd'µµ)/B(Bs'µµ), a measurement of 

which is essential if the minimal flavour violation hypothesis is to be confirmed [8]. 
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Flavour Physics 2020? 
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CKM UT triangle ! b#sqq penguins !

D0-mixing 

$ LFV decays  
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LFV in K#l% decays 

Kaon experiments have a long history (8’/8 and rare K decays). NA62 Phase 1 

collected data in 2007 and 2008 to measure LFV. 
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LHCb first results 

Muon system fully functional 

-! Efficiency of detector planes > 99% 

-! Waiting for J//' to complete detector          

alignment 

-! First estimate of muon mis-ID rate  

 extracted from Ks# &+&$"
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µµ invariant mass 

First B#J//'.s event ? 
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µ#e/ (cLFV) 

cLFV is a forbidden process in the SM 

If SM is minimally extended for m%"

and oscillations, Br(µ#e/)~10-50 

BSM processes enhance the rates 

e.g. SUSY Br(µ#e/)~10-15 

MEG at PSI  
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2008 data : Br(µ#e/)<2.8x10-11 90% c.l. 

2011 : Expected precision < 10-13   

MEG Collaboration, arXiv:0908.2594v2"
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PRISM 
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