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 FLAVOUR PHYSICS  
 Experimental Results   

Bernardo  Adeva  
University of Santiago de Compostela 

Outline of Course: 

 
!     Flavour physics, the core of the Standard Model 
!     Mixing and CPV in b-quark 
!     Mixing and CPV in charm  
!     Bs à µµ , b à sµµ  and rare decays 
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FLAVOUR PHYSICS  
Experimental Results   

Bernardo  Adeva  
University of Santiago de Compostela 

Flavour Physics (part II) : 

 
!     Mixing and CPV in charm 
!     Rare decays    
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CPV in charm  
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Charm Mixing 

Mixing Hamiltonian : H = M –i/2Γ (2×2 matrices) induces mass eigenstates: 
 |D1,2> = p|D0> +q|D0>   x = (m2-m1)/Γ=Δm/Γ     y = (Γ2-Γ1)/2Γ=ΔΓ/2Γ   Γ=(Γ2+Γ1)/2 

−  
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     D0 mixing from prompt D*+ àD0 π+
s   

 D*+ à D0 (K- π+) π+
s  ,  D*+ à D0 (K+ π-) π+

s    

 where pion charge tags D0 flavour          
LHCb 1 fb-1 : Phys. Rev. Lett. 110 (2013) 101802 

LHCb-PAPER-2013-053 in preparation 

L. Sun at CHARM 2013 Manchester 
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D*0 à D0(f)π+
s flavour tagging  

mmmmmmmmmmmmmmmm mmmmm    S. Borghi at CHARM 2013 Manchester 
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Charm Mixing 

 δ  strong phase difference between CF and DCS :   
  x' = x cos(δ) + ysin(δ)    y' = y cos(δ) − xsin(δ) 

R(t) ≈ RD + RD y '
t
τ
+
x '2+ y '2

4
t
τ

"

#
$
%

&
'
2

decay       interference               mixing  

Ratio of wrong-sign to right-sign decay rates: 
LHCb 1 fb-1 datasample  
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L. Sun at CHARM 2013 Manchester 

LHCb-PAPER-2013-053 in preparation  [3 fb-1]   

Latest LHCb results on charm mixing  
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L. Sun at CHARM 2013 Manchester 

CPV in charm mixing 
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L. Sun at CHARM 2013 Manchester 

LHCb-PAPER-2013-053 in preparation 

LHCb results on charm mixing 
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L. Sun at CHARM 2013 Manchester 

LHCb-PAPER-2013-053 in preparation 

LHCb results on charm mixing CPV 
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Charm decays into CP-eigenstates f=K+K-,π+π-,...  

ϕ : phase difference between decay and mixing  

D0 

D0 − 

f 

 
!     since x = Δm/Γ, y=ΔΓ/2Γ are very small, perturbations to single exponential are tiny 
!     they can be measured in precision experiments    

DIRECT CP violation CP violation in MIXING  

ηCP = ±1 
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Charm indirect CPV observables 

à least affected by direct CPV 

à a contribution from direct CPV still exists, at the level 10-4 

INDIRECT : particular theoretical interest  

see M. Gersabeck et al. arXiv:1111:6515 (2012),  A. L. Kagan and M. D. Sokoloff PR D80: 076008 (2009)      

Effective lifetime: 1/Γeff à fit to a single exponential parameter:  e-Γeff t 
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Charm direct CPV 

à ΔACP : largely a measure of DIRECT CPV (while some contribution from indirect) 

1 for B-factory experiments 
2.083 ± 0.001 for LHCb 
2.53 ± 0.02 for CDF  

< t > : average decay time 
of the observed candidates 

reduce experimental systematic uncertainties  

Asymmetry in decay rate (time integrated): 

negligible     small  
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         ΔACP from D0 à h+h- decays   

ΔACP =ACP(K
−K+ )−ACP(π

−π+ ) = aCP
dir (K−K+ )− aCP

dir (π−π+ )$% &'+
Δ t
τD

aCP
ind ≈ Araw(K

−K+ )−Araw(π
−π+ )

!     Measure ΔACP between D0 à K+K- and D0 à π+π-  decays 
!      Assume equal decay time acceptance for K+K- and π+π- 
!      Two datasets: 
       �    Prompt : D*+ à (D0 à h+h-) π+

soft            Update 
       �    Secondary : B à (D0 à h+h-) µ X            New result 

!      In both cases assume: 
 
 
!       Insensitive to indirect CP violation à universal to both final states 

Little overlap  
between them  
(statistics and systematics) 

ACP(f; t) =
Γ(D0(t)→ f)−Γ(D0(t)→ f)
Γ(D0(t)→ f)+Γ(D0(t)→ f)

= aCP
dir (f )+ < t >

τ
aCP
ind

Time dependent asymmetry for D0 decays to a CP eigenstate :  
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               ΔACP from prompt D*+ à D0 π+
s   

Raw asymmetry given by:  
•  Araw (t) =  
       ACP(t) + AD(t) + AD(πs

+) + AP(D*+) 
•  To first order AD(f)=0 with  
       f=self-conjugate 
•   AD(πs

+), and AP(D*+) depend on  
       D*+ kinematics 
•   Soft pion constrained to primary 

vertex 

LHCb-CONF-2013-003 , Phys. Lett. B723 (2013) 33. 
ΔACP = -0.34 ± 0.15 (stat) ± 0.10 (syst) % 

ΔACP = aCP
dir (K −K + )− aCP

dir (π −π + )#$ %&+
Δ t
τ D
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LHCb [1.0 fb-1 (2011)]  ΔACP = 
( +0.49 ± 0.30 (stat) ± 0.14 (syst) )% 

LHCb-PAPER-2013-003 
Phys. Lett. B723 (2013) 33. 

It does not confirm the direct CPV  
observed in other analyses 

!     Raw asymmetry can be approximated to  Araw = ACP + Aμ
D + AB

P 

!      AB
P is the b/b production asymmetry, independent of the final state particles 

!      Re-weight D0 (pT,η) distributions to account for differences 
      in Aμ

D between the ππ and KK final states 

  ΔACP in D à h+h- from BàD0µX 
D0 flavour tagged from the muon charge   

− 
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Combined ΔACP from 1fb-1 LHCb 

18 

M. Charles at CHARM 2013 Manchester 
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S. Borghi at CHARM 2013 Manchester 

AΓ results : D0 lifetime fit  

No evidence for CP violation      No difference between the two final states     

LHCb-PAPER-2013-054 in preparation 

19 



B. Adeva, University of  Santiago de Compostela         Taller de Altas Energías TAE     Benasque  15-28 Sept,  2013                                                                                       

HFAG average for AΓ 

S. Borghi at CHARM 2013  
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aCP
dir versus aCP

ind in D0 meson 

M. Charles at CHARM 2013 Manchester 
MMMMMM 
MMMMM MMMMMM 

M. Charles at CHARM 2013 Manchester 
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A. Schwartz  G. Wilkinson at CHARM 2013 Manchester 

Direct CPV in D+ à Φπ+  / K0
sπ+      

22 
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Rare decays   
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Rare decays  

 
!     B(s) à µ+µ- 
!     b à sµ+µ- transitions  
      B0 à K*l+l- , B+ à K+l+l- , Bs à ϕl+l- ,Λb à Λµ+µ- , B0 à Xsl+l-  
!     B à Kππγ  
!     B(s) à e+µ- 

 
!     D0 à µ+µ-  
!     D+

(s) à π+µ+µ- 
!     D+

(s) à π-µ+µ+ 

 
!     τ - à µ-µ+µ- 

!     τ - à pµ-µ- , τ - à pµ+µ-  
 

- 

24 
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B à µ+µ−  
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                       B à µ+µ−  

Easy to predict SM branching fraction with great precision   
 
BF (B0

s à µ+µ− )SM = 3.56 ± 0.30 × 10-9   (time averaged) 
BF (B0

s à µ+µ− )SM = 0.10 ± 0.01 × 10-9  

 
Sensitive to the scalar sector of flavour couplings 
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         Quest for B0
s à µ+µ−  

S. Hansemann-Menzemer at EPS2013  
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                       B à µ+µ−  

Challenge is to keep trigger and selection efficiency  
high, while rejecting combinatorial background  
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    Combined result B0
(s) à µ+µ−  

Isolation for the dimuon vertex is very important 
For ATLAS and CMS the higher integrated luminosity  
compensates for lower trigger efficiency 

 

Both CMS and LHCb see  
B0

s à µ+µ−  at the 4σ level  
CMS   25 fb-1 

LHCb   3 fb-1 

Combination is above 3σ 
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       In the SM suppressed by |Vts|2 /|Vtd|2  ~ 25    
       New physics not following this pattern may manifest itself as 
       a higher B0

 à µ+µ−  rate 

       CMS:  < 1.1 10-9  at 95% CL        LHCb:  <  0.7 10-9  at 95% CL 

                       B à µ+µ−  



B. Adeva, University of  Santiago de Compostela         Taller de Altas Energías TAE     Benasque  15-28 Sept,  2013                                                                                       31 

           Combined result B0
(s) à µ+µ−  

 BF (B0
s) = (2.9 ± 0.7) × 10-9 

BF (B0
s) < 15  × 10-9  at 95% CL 

LHCb : Phys. Rev. Lett. 111, 101805 (2013) 
CMS :  arXiv: 1307.5025 
Comb :  LHCb-CONF-2013-076 
ATLAS : ATLAS-CONF-2013-076 
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         B à µ+µ− constraining         
              Supersymmetry  

BR(Bs à µ+µ−) sets strong bounds on tanβ, at least in CMSSM, and reduces the phase 
space of Supersymmetry, complementary to direct searches. Higgs mass of 125 GeV 
included, as well as other electroweak and XENON100 data. Some scenarios of new 
Physics are removed. SUSY now confronted. 

BR predictions in the CMSSM and in the CMSSM with non-universal Higgs masses 
NUHM1 (right). Allowed region regions of parameter space at 68% and 98% CL 

O. Buchmueller et al., Eur. Phys. J. C 72 (2012) 2243 [arXiv:1207.7315] 
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Large tanβ with light pseudoscalar Higgs 
in CMSSM is strongly disfavored.  
Now in the regime where more "natural"  
O(50%) NP effects  can be probed 

Straub arXiv:1302.4651 
Analysis of several models  
with partial compositeness 

Now vital to measure: 
- BR(Bs à µ+µ-)  down to theory uncertainty (a few x 10-10) 
- BR(Bd à µ+µ-) to test "golden" relation between SM and    
  MFV, distinguish between NP models 

        B à  µ+µ− constraining SUSY  
              and compositeness  
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b à sµ+µ−  
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                      b à sµ+µ−  

mmmmmmmmm 
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                B0
 à K*(K+π-)µ+µ−  
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                    B0
 à K*0µ+µ−  

arXiv:1304.6325 (1fb-1) 
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                     B0
 à K*0µ+µ−  

arXiv:1304.6325 (1fb-1) 
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                    B0
 à K*0µ+µ−  

arXiv:1304.6325 (1fb-1) 



B. Adeva, University of  Santiago de Compostela         Taller de Altas Energías TAE     Benasque  15-28 Sept,  2013                                                                                       40 

       

 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

                     B0
 à K*0µ+µ−  

J. Matías at al., JHEP 05 (2013) 137      
arXiv: 1303.5794    

arXiv:1308.1707 (1fb-1) LHCb-PAPER-2013-037 
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(wrt J. Matías at al., arXiv:1303.5794)              

arXiv:1308.1707 (1fb-1) LHCb-PAPER-2013-037 

N. Serra EPS-2013 

                     B0
 à K*0µ+µ−  
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                     B0
 à K*0µ+µ−  

arXiv:1308.1707 (1fb-1) LHCb-PAPER-2013-037 

Espen Eie Bowen  at DPF-2013 
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                     B+
 à K+µ+µ−  

LHCb-PAPER-2013-039 arXiv:1307.7595 (1fb-1) 
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                     B+
 à K+µ+µ−  

     JHEP 02 (2013) 105 (1fb-1) 

sensitive to OP and OS 
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                      B+
 à K+µ+µ−  

arXiv:1308.1340 (1fb-1) LHCb-PAPER-2013-043 

Espen Eie Bowen  at DPF-2013 



B. Adeva, University of  Santiago de Compostela         Taller de Altas Energías TAE     Benasque  15-28 Sept,  2013                                                                                       46 

       

 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

                       Bs à ϕµ+µ−  

arXiv:1305.2168 (1fb-1) 
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            Λbà Λµ+µ−  
arXiv:1306.2577 (1fb-1) 
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            Bà Xsl+l−  

Y. Sato at EPS 2013  

Less theoretical uncertainties for inclusive B à Xs ll analysis   
Semi-inclusive analysis from adding many exclusive channels 
Xs =  K±/K0

s + nπ  with n=1,2,3,4 (at most one π0)  l = e- or µ- 

Results consistent with the SM 
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   Results B+ à K+π+π-γ 
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   Results B+ à K+π+π-γ 

LHCb-CONF-2013-017 (2 fb-1) 
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   Results B+ à K+π+π-γ 

LHCb-CONF-2013-017 (2 fb-1)  

Espen Eie Bowen  DPF-2013 Albert Puig EPS-2013 
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  Combined leptonic and semileptonic   

U. Egede at Mass 2013, Aug. 2013, Odense, DK  
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B(s) à e+µ−  
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        Search for B0
s à e+µ−  

LHCb-PAPER-2013-030  arXiv:1307.4889 
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        Search for B0
s à e+µ−  

LHCb-PAPER-2013-030  arXiv:1307.4889 
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        Search for B0
s à e+µ−  

theo. formula : Phys. Rev. D 50 (1994) 6843)  

ATLAS/CMS : same generation leptoquarks <  0.5 − 1.0 TeV/c2  (direct searches)  

LHCb-PAPER-2013-030  arXiv:1307.4889 
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Charm rare decays  
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Charm rare decays - Motivations 

 
n   Suppresion from GIM mechanism (down-type quarks in the loop) 
       
n   Predictions harder because of non-negligible long distance contributions 
      (Burdman et al.) Phys. Rev. Lett. D 66, 014009 (2002) 
      B (D0 à µµ) ≈ 3 × 10-13         90% CL 
n   Current best limit is from Belle Phys. Rev. D 81, 091102 (2010) 
      B (D0 à µµ) < 1.4 × 10-7       90% CL 
 
Decay is sensitive to: 
−   Supersymmetry with R-parity violation 
−   New spin 1 boson, V, Golowich et al. Phys. Rev. D79 (2009) 114030. 
 
 
      gV1 (gV2) and g'V1 (g'V2) coupling to left (right) handed quarks and leptons 
−   New spin 0 scalar, also proportional to 1 / Ms

4 

  

c à u µ+µ- 
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Charm rare decays 
     General strategy at LHCb  

Use D*-tagged sample : D*+ à D0 πslow 

mm 
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D0 à µ+µ- at LHCb 
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Rare charm – General considerations 
MMMMMMMMMMMM 
MMMMMMMMMMMM 

O.Kochebina at EPS2013 
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Experimental status up to 2011 



B. Adeva, University of  Santiago de Compostela         Taller de Altas Energías TAE     Benasque  15-28 Sept,  2013                                                                                       63 

       

 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

D+
(s) à π+µ+µ-  at LHCb 



B. Adeva, University of  Santiago de Compostela         Taller de Altas Energías TAE     Benasque  15-28 Sept,  2013                                                                                       64 

       

 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

D+
(s) à π+µ+µ- at LHCb 
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D+
(s) à π+µ+µ- at LHCb 

O.Kochebina at EPS2013 
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Majorana neutrino with D+
(s) à π-µ+µ+  

MMMMMMMMMMMMMMMMMMMMM 
MMMMMMMMMMMMMMMMMMMMM 
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                   BACKUP  
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  Rare τ decays 
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  Lepton Flavour Violation in τ± à µ+µ-µ±  

At LHC large  τ  production cross section : 
~ 80 µb (25% in LHCb acceptance)  
 
~ 1011 τ decays/y in LHCb (from Ds àτνµ) 
Normalisation  to Ds à ϕ(µµ)π 
 
BR < 8.0 x 10-8 (90% CL) 
LHCb: 1.0 fb-1 

 
Proof of principle for a hadron collider: 
Good prospects for future 

LFV decay  τ à µµµ 
In SM only allowed via neutrino oscillations 
with  BR ~ 10-54  . Some New Physics models  
predict significant enhancement :  
BR ~ 10-10 – 10-8  

So far only measurements at e+e- colliders: 
BR (τ± à µ+µ-µ±)  <  2.1 x 10-8 (90% CL) 
is current best limit from Belle (782 fb-1) 
[Phys. Lett. B 687 (2010) 3] 

LHCb-PAPER-2013-014 
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HFAG average for AΓ 
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Combined leptonic and semileptonic B decays 

Heff = −
4GF

2
VtbVts

* (Ci∑ Oi +C 'i O 'i )+ h.c.

Almannshofer, Paradisi, Straub  
JHEP 04 (2012) 008 + updates 

Measurements of Bàµµ, BàK*µµ, BàXsll , bà sγ 
set limits on the mass scale of non-SM contributions   

Effective Hamiltonian relevant for bàsγ and bà sl+l- 

L = LSM −
VtbVts

*

16π 2
j=7,9,10
∑ eiφi

Λ j
2 Oj

~ loop level CKM-like 
flavour violation 

BàK*µ+µ- 

Bsàµ+µ- 

BàKµ+µ- BàXsµ+µ- 

arXiv:1206.0273 

Im
 (C

10
)  

Re(C10
NP) 

Nothing with SM type flavour couplings below O(400 GeV)  


