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Introduction: 

•  Heavy flavor production and triggers at Tevatron 

•  Quick overview of main Tevatron HF results 
!

Remarks: 
 

–  “B physics at Tevatron” is a huge and very rich field for Tevatron experiments: > 140 
Run II papers published till now ! For details, see: 

 
CDF results: http://www-cdf.fnal.gov/physics/new/bottom/bottom.html!
DØ results:    http://www-d0.fnal.gov/Run2Physics/WWW/results/b.html!

 
–  Not covered many yet outstanding results on b-production, charm mixing & CPV, 

charmed baryons and many Bd measurements which gave results comparable to B 
factories. 

–  Focus today is mostly on Bs system on which Tevatron opened the way, LHCb now 
being the key player. 
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Heavy Flavor Physics at Tevatron 
• All B species produced: 

Bu,Bd,Bs,Bc,Λb, Ξb… 
• With production fractions: 

fu : fd : fs : fΛ ≈ 4 : 4 : 1 : 1 

• Acceptance for other B is 20-40% 

BUT: σ(pp) ~ 100 mb = 103-104 x σ(bb) ⇒  B have to be selected with specific Triggers 

Primary Vertex 
Secondary Vertex 

Impact Parameter ( ~100µm) 

Lxy ~ 1 mm 

B decay 

•  b production is very large (~300 Hz @ 1032 cm-2 Hz) à trigger on specific decays (w or w/o leptons) 

• Online (L2) selection of displaced tracks 

based on Silicon detector hits.  

the CDF Secondary Vertex Trigger SVT 

 ~0.5 M D0 →Kπ 

 65 pb-1 
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B physics triggers at Tevatron 

1-Displaced track   + 
lepton (e, µ) 
120 µm < I.P.(trk) < 1mm  

PT(lepton) > 4 GeV 

Semileptonic modes 

2-Displaced 
tracks 

PT(trk) > 2 GeV  
120 µm < I.P.(trk) < 1mm 

ΣpT > 5.5 GeV 

fully hadronic modes        

Di-Muon  (J/ψ) 
Pt(µ) > 1.5 GeV  

J/ψ modes down to low 
Pt(J/ψ)~0 (Run II)  

Conventional at 
colliders (Run I / D0) 

+ 
With SVT trigger (at CDF) 
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Tevatron detectors  

• dE/dX in COT 

• Time Of Flight detector 

Muons: CMU, CMP, CMX (|η|<1.1) 

Electrons: CEM (EM calorimeter) 
           CPR (pre-shower detector) 

Muons: larger coverage (|η|<1.8) 

Electrons: liquid argon ECAL 

•  B-layer to improve tracking resolution 

reversal of central & outer B fields  
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1 slide Tevatron H.F. results overview 

Charm CPV and mixing 

Charm mesons 

Bs mixing frequency Δms 

BsàDs π	

D*àD0(π)àππ/KK(π)	


BsàJ/Ψ Φ	


BsàΦΦ	


ΔΓs vs βs 

CPV in Bs mixing 

ΔAdir
CP vs ΔAind

CP 

R = wrong/right sign  

CPV in BàDK 
(ADS method) 
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In this talk: 

 
•  New/updates since last Moriond (end 2012, beginnig 2013): 
 

–  CP violation in charm-less Bs,d decays. (CDF) 
–  CP violation in Bs and Bd semi-leptonic decays. (D0) 

–  Studies on b à s µ+µ- decays. (CDF) 
–  Search for Bs à µ+µ- decay. (D0) 

 
•  Summary and conclusions 
 
 
 
 
Latest results: 
 
CDF results: http://www-cdf.fnal.gov/physics/new/bottom/bottom.html!
DØ results:    http://www-d0.fnal.gov/Run2Physics/WWW/results/b.html!
!



CPV in charm-less b-hadron decays 
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CP Asymmetries in Charmless b-hadron Decays

4

Correction cf derived from D0 → K+ π –  (symmetric production)

First observation of Bs → K-π+ and Bs → K+K -, first evidence of Bs → π+π -

Flavor specific decays (b-flavor from final state charge)
Count events and correct for detector-induced charged asymmetries

large Bs and Λb samples 
unique to the Tevatron until 

the turn-on of LHC

Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - Feb 27 2013 - Luciano Ristori
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-  Important to improve knowledge of strong interactions 
dynamics 
- Significant contribution from higher-order (penguin) 
transitions provides sensitivity to NP 
- Sensitive to CKM angle γ	

 

 
-  Unique to Tevatron (CDF) for Bs and Λb, first 
observations: 

B0
s → K+K-, PRL 97, 211802 (2006) 

 

B0
s → K-π+, Λ0

b → pπ-, Λ0
b → pK+, PRL 103, 031801 (2009) 

 
and CPV: 
 
ACP(B0

s → K-π+), ACP(Λ0
b → pπ-), ΑCP(Λ0

b → pK+) 
   PRL 106, 181802 (2011)  

- Most recent results from CDF: 
 First evidence for B0

s → π+π- and  
  bounds on B0 → K+K- 

 

Define ACP in flavor specific final states 
(ex.: f = K+π-), as: 
 
 
 
 
 
Exploit Tevatron symmetric b-bbar production 
Correct for detector effects (cf) using large 
yields of identified Kaons and pions from charm 
decays. 



CPV in charmless b-hadron decays 
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CP Asymmetries in Charmless b-hadron Decays

8

precision measurement of b-baryon 
asymmetries still unique to CDF

Fit results ACP

Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - Feb 27 2013 - Luciano Ristori

http://www-cdf.fnal.gov/physics/new/bottom/120628.blessed-Bhh9fb/cdf10726_acp_bhh_9fb_public.pdf

•  dE/dx to construct 
‘kaonness’ for positive 
and negative particles 
κ+, κ−, (K/π separation 
up to 1.5σ) 

•  Displaced vertex trigger (~2% efficient @ pT(B)>4 GeV, |η(B)| < 1.0) 

•  Likelihood-fit to with 3 kin. variables (m, β, pTOT) + particle ID 

Fit yields results: 

Particle ID with dE/dx and Kinematics

6

• Multi-dimensional unbinned likelihood fit to extract 
yields of each decay mode and its charge conjugate

• Use kinematic variables and particle ID

Particle species separation 
through kinematics and dE/dx

Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - Feb 27 2013 - Luciano Ristori



CPV in charm-less b-hadron decays 
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Correction of detector-induced charge asymmetries

7

• We are looking for small effects

• Need to correct for small detector asymmetries

• π+ vs π- and K+ vs K-

• Millions of D0 to K-π+ and c.c.

• Asymmetry corrections of order ~1%

Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - Feb 27 2013 - Luciano Ristori
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http://www-cdf.fnal.gov/physics/new/bottom/120628.blessed-Bhh9fb/cdf10726_acp_bhh_9fb_public.pdf

Correct for detector induced 
charge asymmetries: 
 
•  Use O(107) D0àKp sample 
 
•  Asymmetry corrections O(1%) 

determined with ~0.1% 
accuracy 

http://www-cdf.fnal.gov/physics/new/bottom/120628.blessed-Bhh9fb/cdf10726_acp_bhh_9fb_public.pdf  !

CP Asymmetries results: 



In 2011, D0 published a like-sign di-muon based measurement of Asl: 
•  Asl for mixture of Bd and Bs (see 2D plane), correct for mixing and for 

detector asymmetry (B field reversal) 
 
 
 
 
•  B purity enhanced with impact parameter cut. 

CPV in B Meson Mixing 

b 

_ 

b 

_ 

t _ 

t d, s 

d, s _ 

W W 

V*
tb Vtd,ts 

Vtd,ts V*
tb 

B(s)
0 B(s)

0 _ 

Neutral B mesons oscillate into 
their antiparticles 

D0 experiment measures significant 
asymmetry in same-charge dimuons (2011) 

 Interpreted as arising from asymmetry in B 
mixing 

~50% contributions from Bd
0 and Bs

0 

Important to make separate, independent 
measurements of ad

sl and as
sl 

Bd
0 

Bs
0 
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CP Asymmetries in Bs and Bd mixing 

…? ?... 

µ- µ- 
B0

(s) B0
(s)

 
 

B B 
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We present a measurement of the time-integrated flavor-specific semileptonic charge asymmetry
in the decays of B0

s mesons that have undergone flavor mixing, as
sl, using B0

s(B̄
0
s ) → D∓

s µ±X decays,
with D∓

s → φπ∓ and φ → K+K−, using 10.4 fb−1 of proton-antiproton collisions collected by the
D0 detector during Run II at the Fermilab Tevatron Collider. A fit to the difference between the
time-integrated D−

s and D+
s mass distributions of the B0

s and B̄0
s candidates yields the flavor-specific

asymmetry as
sl = [−1.12 ± 0.74 (stat)± 0.17 (syst)]%, which is the most precise measurement and

in agreement with the standard model prediction.

PACS numbers: 11.30.Er, 13.20.He, 14.40.Nd

CP violation has been observed in the decay and mix-
ing of neutral mesons containing strange, charm and
bottom quarks. Currently all measurements of CP vi-
olation, either in decay, mixing or in the interference
between the two, have been consistent with the pres-
ence of a single phase in the CKM matrix. An obser-
vation of anomalously large CP violation in B0

s oscilla-
tions can indicate the existence of physics beyond the
standard model (SM) [1]. Measurements of the like-
sign dimuon asymmetry by the D0 Collaboration [2, 3]
show evidence of anomalously large CP-violating effects
using data corresponding to 9 fb−1 of integrated lumi-
nosity. Assuming that this asymmetry originates from
mixed neutral B mesons, the measured value is Ab

sl =
Cdadsl+Csassl = [−0.787± 0.172 (stat.)± 0.021 (syst.)]%,

where as(d)sl is the time-integrated flavor-specific semilep-

∗with visitors from aAugustana College, Sioux Falls, SD, USA,
bThe University of Liverpool, Liverpool, UK, cUPIITA-IPN, Mex-
ico City, Mexico, dDESY, Hamburg, Germany, eSLAC, Menlo
Park, CA, USA, fUniversity College London, London, UK, gCentro
de Investigacion en Computacion - IPN, Mexico City, Mexico,
hECFM, Universidad Autonoma de Sinaloa, Culiacán, Mexico and
iUniversidade Estadual Paulista, São Paulo, Brazil.

tonic charge asymmetry in B0
s (B

0
d) decays that have un-

dergone flavor mixing and Cd(s) is the fraction of B0
d(B

0
s )

events. The value of assl is extracted from this measure-
ment and found to be assl = (−1.81 ± 1.06)% [3]. This
Letter presents an independent measurement of assl us-
ing the decay B0

s → D−
s µ

+X , where D−
s → φπ− and

φ → K+K− (charge conjugate states are assumed in
this Letter).
The asymmetry assl is defined as

assl =
Γ
(

B̄0
s → B0

s → #+νX
)

− Γ
(

B0
s → B̄0

s → #−ν̄X̄
)

Γ
(

B̄0
s → B0

s → #+νX
)

+ Γ
(

B0
s → B̄0

s → #−ν̄X̄
) ,

(1)

where in this analysis # = µ and X = D(∗)−
s . This in-

cludes all decay processes of B0
s mesons that result in a

D−
s meson and an oppositely charged muon in the final

state. To study CP violation, we identify events with
the decay B0

s → D−
s µ

+X . The flavor of the B0
s meson

at the time of decay is identified using the charge of the
associated muon, and this analysis does not make use of
initial-state tagging. The fraction of mixed events inte-
grated over time is extracted using Monte Carlo (MC)
simulations. We assume there is no production asymme-
try between B0

s and B̄0
s mesons, that there is no direct

CP violation in the decay of Ds mesons to the indicated
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where in this analysis # = µ and X = D(∗)−
s . This in-

cludes all decay processes of B0
s mesons that result in a

D−
s meson and an oppositely charged muon in the final

state. To study CP violation, we identify events with
the decay B0

s → D−
s µ

+X . The flavor of the B0
s meson

at the time of decay is identified using the charge of the
associated muon, and this analysis does not make use of
initial-state tagging. The fraction of mixed events inte-
grated over time is extracted using Monte Carlo (MC)
simulations. We assume there is no production asymme-
try between B0

s and B̄0
s mesons, that there is no direct

CP violation in the decay of Ds mesons to the indicated

•  CPV in neutral B mesons oscillations is possible by CKM 
phase Φ which can lead to non vanishing CP asymmetry in 
CP defined final states (ex.: aSL).  

•  SM prediction is very small but: NP could enter with 
additional phase.  

Surprising result: 
 
 
3-4 sigma inconsistency with SM: 
à important to independently measure asl(Bs) and asl(Bd)à  
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CPV in Bs and Bd semileptonic decays 

P.V."

Bs!
ν	


µ 

Ds!

4

states or in the semileptonic decay of B0
s mesons, and

that any CP violation in B0
s mesons only occurs in mix-

ing. We also assume that any direct CP violation in
the decay of b baryons and charged B mesons is neg-
ligible. This analysis does not make use of the decay
D−

s → K∗0K− as used in Ref. [4] as the expected statis-
tical uncertainty in this channel is 2.5 times worse than
the decay D−

s → φπ−.
The value of the SM prediction for assl = (1.9± 0.3)×

10−5 [1] is negligible compared with current experi-
mental precision. The best direct measurement of assl
was performed by the D0 Collaboration using data cor-
responding to 5 fb−1 of integrated luminosity, giving
assl =

[

−0.17± 0.91 (stat.)+0.14
−0.15 (syst.)

]

% [4]. This Letter
presents a new and improved measurement of assl using
the full Tevatron data sample with an integrated lumi-
nosity of 10.4 fb−1.
The measurement is performed using the raw asymme-

try

A =
Nµ+D−

s

−Nµ−D+
s

Nµ+D−

s

+Nµ−D+
s

, (2)

where Nµ+D−

s

(Nµ−D+
s

) is the number of reconstructed

B0
s → µ+D−

s X (B̄0
s → µ−D+

s X) decays. The time-
integrated flavor-specific semileptonic charge asymmetry
in B0

s decays which have undergone flavor mixing, assl, is
then given by

assl · F osc
B0

s

= A−Aµ −Atrack −AKK , (3)

where Aµ is the reconstruction asymmetry between pos-
itive and negatively charged muons in the detector [5],
Atrack is the asymmetry between positive and negative
tracks, AKK is the residual kaon asymmetry from the de-
cay of the φmeson, and F osc

B0
s

is the fraction ofD−
s → φπ−

decays that originate from the decay of a B0
s meson after

a B̄0
s → B0

s oscillation. The F osc
B0

s

factor corrects the mea-
sured asymmetry for the fraction of events in which the
B0

s meson is mixed under the assumptions outlined ear-
lier that no other physics asymmetries are present in the
other b-hadron backgrounds. While the data selection,
fitting models, Aµ, Atrack, and AKK were studied, the
value of the raw asymmetry was offset by an unknown
arbitrary value and any distribution that gave an indica-
tion of the value of the asymmetry was not examined.
The D0 detector has a central tracking system, con-

sisting of a silicon microstrip tracker (SMT) and a cen-
tral fiber tracker (CFT), both located within a 2 T su-
perconducting solenoidal magnet [5, 6]. An outer muon
system, at |η| < 2 [7], consists of a layer of tracking de-
tectors and scintillation trigger counters in front of 1.8 T
toroidal magnets, followed by two similar layers after the
toroids [8].
The data are collected with a suite of single and

dimuon triggers. The selection and reconstruction of

µ+D−
s X decays requires tracks with at least two hits

in both the CFT and SMT. Muons are required to have
hits in at least two layers of the muon system, with seg-
ments reconstructed both inside and outside the toroid.
The muon track segment has to be matched to a par-
ticle found in the central tracking system which has
momentum p > 3 GeV/c and transverse momentum
2 < pT < 25 GeV/c.
TheD−

s → φπ−; φ→ K+K− decay is reconstructed as
follows. The two particles from the φ decay are assumed
to be kaons and are required to have pT > 0.7 GeV/c,
opposite charge and a mass M(K+K−) < 1.07 GeV/c2.
The charge of the third particle, assumed to be the
charged pion, has to be opposite to that of the muon
with 0.5 < pT < 25 GeV/c. The three tracks are com-
bined to create a common D−

s decay vertex using the
algorithm described in Ref. [9]. To reduce combinatorial
background, the D−

s vertex is required to have a dis-
placement from the pp̄ interaction vertex (PV) in the
transverse plane with a significance of at least four stan-
dard deviations. The cosine of the angle between the D−

s

momentum and the vector from the PV to the D−
s decay

vertex is required to be greater than 0.9. The trajectories
of the muon andD−

s candidates are required to be consis-
tent with originating from a common vertex (assumed to
be the B0

s decay vertex) and to have an effective mass of
2.6 < M(µ+D−

s ) < 5.4 GeV/c2, consistent with coming
from a B0

s semileptonic decay. The cosine of the angle
between the combined µ+D−

s direction, an approxima-
tion of the B0

s direction in the direction from the PV to
the B0

s decay vertex has to be greater than 0.95. The
B0

s decay vertex has to be displaced from the PV in the
transverse plane with a significance of at least four stan-
dard deviations. These angular criteria ensure that the
D−

s and µ+ momenta are correlated with that of their B0
s

parent and that the D−
s is not mistakenly associated with

a random muon. If more than one B0
s candidate passes

the selection criteria in an event, then all candidates are
included in the final sample.
To improve the significance of the B0

s selection we use
a likelihood ratio taken from Refs. [10, 11]. It combines
several discriminating variables: the helicity angle be-
tween the D−

s and K+ momenta in the center-of-mass
frame of the φ meson; the isolation of the µ+D−

s sys-
tem, defined as I = p(µ+D−

s )/[p(µ
+D−

s ) + Σpi], where
p(µ+D−

s ) is the sum of the momenta of the three tracks
that make up the D−

s meson and Σpi is the sum of mo-
menta for all tracks not associated with the µ+D−

s in a
cone of

√

(∆φ)2 + (∆η)2 < 0.5 around the µ+D−
s direc-

tion [7]; the χ2 of the D−
s vertex fit; the invariant masses

M(µ+D−
s ), M(K+K−); and pT (K+K−).

The final requirement on the likelihood ratio vari-
able, ysel, is chosen to maximize the predicted ratio
NS/

√
NS +NB in a data subsample corresponding to

20% of the full data sample, where NS is the number
of signal events and NB is the number of background

Bs à µ Ds
+ 

 

with Ds à Φπ	


asl
q =

A− ABG
FBs
osc

Bd à µ D+ 

Measure raw Asymmetry A: 

counting µDs yields (weighted for B field reversal) 
 
define asl as: 
 
 
where ABG is detector related asym. (K+ vs K-) 
and Fosc

Bs is the fraction of µDs candidates from 
oscillated Bs (~50%) 
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CPV in Bs semileptonic decays (10.4 fb-1)  
7

effect of the uncertainty on the dilution factor is then
added in quadrature, giving a total systematic uncer-
tainty of 0.17%.
The resulting time-integrated flavor-specific semilep-

tonic charge asymmetry is found to be

assl = [−1.12± 0.74 (stat)± 0.17 (syst)]%, (7)

superseding the previous measurement of assl by the D0
Collaboration [4, 18] and in agreement with the SM
prediction. This result can be combined with the two
Ab

sl measurements that depend on the impact parameter
of the muons (IP) [3] and the average of adsl measure-
ments from the B factories, adsl = (−0.05 ± 0.56)% [16],
(Fig. 3). As a result of this combination we obtain
assl = (−1.42 ± 0.57)% and adsl = (−0.21 ± 0.32)% with
a correlation of −0.53, which is a significant improve-
ment on the precision of the measurement of adsl and assl
obtained in Ref. [3]. These results have a probability of
agreement with the SM of 0.28×10−2, which corresponds
to a 3.0 standard deviations from the SM prediction.

sl
da

-0.04 -0.02 0 0.02

sls a

-0.04

-0.02

0

0.02

sl
sD0 a

sl
dB Factory a

) 68% C.L.
>120

(IPsl
bA

) 68% C.L.
<120

(IPsl
bA

Combination
Standard Model

FIG. 3: (color online) A combination of this result with two
measurements of Ab

sl with different muon impact parameter
selections made using like-sign dimuons [3] and the average
of ad

sl measurements from B factories [16] . The error bands
represent the ±1 standard deviation uncertainties on each in-
dividual measurement. The ellipses represent the 1, 2, 3, and
4 standard deviation two-dimensional C.L. regions, respec-
tively, in the as

sl and ad
sl plane.

In summary, we have presented the most pre-
cise measurement to date of the time-integrated
flavor-specific semileptonic charge asymmetry, assl =
[−1.12± 0.74 (stat)± 0.17 (syst)] %, which is in agree-

ment with the standard model prediction and the D0
like-sign dimuon result [3].
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Most precise result on asl(Bs) consistent with SM:  

Also, with equivalent approach asl(Bd) in Bd system: 



b à s µ+µ- decays 
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b→s µ+µ- decays

• Flavor Changing Neutral Currents

• Yet another golden probe

• Look for new physics in the distributions of kinematic variables

• Total/differential BR, isospin asymmetry, forward backward asymmetry...

9
Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - Feb 27 2013 - Luciano Ristori

-  Rare decays with BR ~O(10-6) in SM; good probes of NP 
-  Flavor changing Neutral Currents 
 
- Look for NP in kinematic distributions: differential BR, FB asymmetries, …  
 
-  Various channels available:  

B0 → K*0µµ  
B+ → K+µµ  
B+ → K*+µµ  
B0 → K0

sµµ,   
    and also, first observed by CDF:  
        Bs → Φµµ (PRL106,161801 (2011))   

            Λb → Λµµ (arXiv:1107.3753) 	


N.P. ? 



Yields in b à s µ+µ- decays (9.6 fb-1) 
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B+→K+µ+µ-: 319±23 (15.6σ) 
B0→K*0µ+µ-: 288±20 (15.8σ) 
B0→KS

0µ+µ-: 32±8 (4.6σ) 
B+→K*+µ+µ-: 24±6 (4.2σ) 
Bs

0→φµ+µ-: 62±9 (8.9σ) 
Λb

0→Λµ+µ-: 51±7 (7.6σ) 

B+→K+µ+µ-  B0→K*0µ+µ-  

Bs→Φµ+µ-  Λb→Λµ+µ-  

http://www-cdf.fnal.gov/physics/new/bottom/120628.blessed-b2smumu_96/public_b2smumu.pdf !



Differential BR in b à s µ+µ- decays 
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B+→K+µ+µ-  B0→K*0µ+µ-  

Bs→Φµ+µ-  Λb→Λµ+µ-  

differential BR w.r.t. the 
di-muon system q2 

 
Picture overall consistent 
with Standard Model  

http://www-cdf.fnal.gov/physics/new/bottom/120628.blessed-b2smumu_96/public_b2smumu.pdf !



•  Isospin Asymmetry AI : 

 
 
 
 
 
 
 
 
 
 
 
 
consistent with SM. 
(LHCb reported 3σ in high q2) 

b à s µ+µ- decays properties 
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http://www-cdf.fnal.gov/physics/new/bottom/120628.blessed-b2smumu_96/public_b2smumu.pdf !

Forward-backward Asymmetry K* polarization 

Asymmetries in b→s µ+µ- decays

13

Forward-backward 
asymmetry K* polarization

SM

http://www-cdf.fnal.gov/physics/new/bottom/120628.blessed-b2smumu_96/public_b2smumu.pdf

Also consistent with SM

Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - Feb 27 2013 - Luciano Ristori

•  from B0→K*0µ+µ-  
angular analysis: 

consistent with SM 

Isospin asymmetry in b→s µ+µ- decays

12

Consistent with SM within errors

LHCb observes a 3 sigma effect in the 
highest q2 bin 

=

Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - Feb 27 2013 - Luciano Ristori

CDF

LHCb 3 sigma discrepancy from SM
arXiv:1205.3422

http://www-cdf.fnal.gov/physics/new/bottom/120628.blessed-b2smumu_96/public_b2smumu.pdf

Isospin asymmetry in b→s µ+µ- decays

12

Consistent with SM within errors

LHCb observes a 3 sigma effect in the 
highest q2 bin 

=
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Isospin asymmetry in b→s µ+µ- decays

12

Consistent with SM within errors

LHCb observes a 3 sigma effect in the 
highest q2 bin 

=
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CDF

LHCb 3 sigma discrepancy from SM
arXiv:1205.3422

http://www-cdf.fnal.gov/physics/new/bottom/120628.blessed-b2smumu_96/public_b2smumu.pdf

Isospin asymmetry in b→s µ+µ- decays

12

Consistent with SM within errors

LHCb observes a 3 sigma effect in the 
highest q2 bin 

=
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CDF

LHCb 3 sigma discrepancy from SM
arXiv:1205.3422

http://www-cdf.fnal.gov/physics/new/bottom/120628.blessed-b2smumu_96/public_b2smumu.pdf



Search for Bsàµ+µ- rare decay 
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Bs,d → μμ

These modes are a unique source of information about flavor physics beyond the SM:

theoretically very clean (virtually no long-distance contributions)

particularly sensitive to FCNC scalar currents and FCNC Z penguins

b

s

μ

μ
B t

b

s

μ

μ
B

t

bR

sL

B

tL

tR

μR

μL

ϕ0 

ϕ+

gauge-less limit

Clean probe of the Yukawa interaction 
(→ Higgs sector) beyond the tree level

Leading SM 
diagrams

(unitary gauge): 

good approx. to the 
full SM amplitude

G. Isidori –  Flavor Physics Theory       HCP 2012, Kyoto Nov. 2012
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These modes are a unique source of information about flavor physics beyond the SM:
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particularly sensitive to FCNC scalar currents and FCNC Z penguins

b

s

μ

μ
B t

b

s

μ

μ
B

t

bR

sL

B

tL

tR

μR

μL

ϕ0 

ϕ+

gauge-less limit

Clean probe of the Yukawa interaction 
(→ Higgs sector) beyond the tree level

Leading SM 
diagrams

(unitary gauge): 

good approx. to the 
full SM amplitude

G. Isidori –  Flavor Physics Theory       HCP 2012, Kyoto Nov. 2012

b

s

μ

μ

B t

b

s

μ

μ
B

t
Leading SM 

diagrams
(unitary gauge): 

b

s

B

t μ

μ

χ
 

b

s

B

t μR

μL

A0, H0 

χ 

Z
Possible non-SM
contributions: 

Relevant for BR = O(SM) Possible large enhancement

(e.g. SUSY @ large tanβ)

Bs,d → μμ

These modes are a unique source of information about flavor physics beyond the SM:

theoretically very clean (virtually no long-distance contributions)

particularly sensitive to FCNC scalar currents and FCNC Z penguins

G. Isidori –  Flavor Physics Theory       HCP 2012, Kyoto Nov. 2012

Recent developments concerning the SM prediction of BR(Bs →μ+μ-):

I) Updated prediction taking into account leading NLO EW (+ full NLO QCD) 
of the photon-inclusive flavor-eigenstate decay:

II) Correction factors in relating BR(0) to the experimentally accessible rate 

Photon-energy cut [Buras et al. '12]  →  ~  -10%  (already included in exp. eff.)

ΔΓ
s
 ≠ 0 [Bruyn et al. '12]  → ~  +10%  (not included yet in exp. results)

BRs,SM
  = (3.54 ± 0.30)×10-9

(time-integrated average)

BR(exp)  = (3.2          )×10-9+ 1.5
− 1.2

LHCb, Nov. '12

At this stage there is perfect compatibility, but we are only at the beginning...

 BR(0)     =
s,SM

G. Isidori –  Flavor Physics Theory       HCP 2012, Kyoto Nov. 2012

SM contributions: 
 
elicity suppressed 
theoretically very clean 
sensitive to FCNC scalars and Z penguins 
 
Possible non-SM contributions:   

- In MSSM proportional to (tanβ)6 

- Probe of the Yukawa interaction (Higgs sector) 

SM prediction  
time integrated (tacking into account Bs mixing) 
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FIG. 5: (color online) Comparison of signal MC and background sideband data for (a) the B0
s candidate impact parameter

significance and (b) the minimum muon impact parameter significance. All distributions are normalized to unit area.
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FIG. 6: (color online) Comparison of signal MC and background sideband data for (a) isolation defined with respect to the
dimuon system and (b) for the average of the two isolations defined with respect to the individual muons. All distributions are
normalized to unit area.

> 0.95. These requirements are 78% efficient on average
in retaining signal events but exclude about 96% of the
background. We find a significant enhancement in back-
ground rejection from the BDT discriminants using these
additional requirements before BDT training. These re-
quirements are (93 ± 1)% efficient for the normalization
mode MC, and (91 ± 3) % efficient for the normalization
mode data.

To improve the statistics available for training, the
data epochs are combined and used together to train the
BDT. The signal MC samples for each data epoch are
combined according to the integrated luminosity for each
epoch into a common sample. The data sidebands and
signal MC are then randomly split into three samples.
Sample A, with 25% of the events, is used to train the
BDTs. Sample B, with 25% of the events, is used to opti-
mize the selections on the BDT response. Sample C, with

50% of the events, is used to determine the expected sig-
nal (from the MC sample) and background (from the data
sideband sample) yields. The results of the TMVA BDT
training for both BDT1, trained to remove sequential de-
cay backgrounds, and BDT2, trained to remove double
semileptonic B meson decays, can be seen in Fig. 9. We
check that the response of both BDT discriminants is in-
dependent of dimuon mass over the relevant mass range.
The optimal BDT selections are determined by optimiz-
ing the expected limit on B(B0

s → µ+µ−) and are found
to be BDT1 > 0.19 and BDT2 > 0.26.
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FIG. 9: (color online) Distributions of the BDT response for (a) BDT1, trained against sequential decay backgrounds, and (b)
BDT2, trained against double B decay backgrounds. MC simulation is used for the signal, while the data sidebands are used
for the backgrounds. The vertical lines denote the BDT selection cuts in the analysis. All distributions are normalized to unit
area.
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FIG. 10: (color online) Dimuon mass distribution for sample C (a) before and (b) after BDT selection cuts. The edges of the
blinded region are denoted in (b) by the vertical lines at 4.9 and 5.8 GeV, and the shaded area denotes the signal window. The
curves are fits to an exponential plus constant function. The numbers of expected background events are determined from an
interpolation of the fit into the signal window and scaled to the full dataset.

tribution using an exponential plus constant functional
form. The fit is performed excluding the blinded region,
and the resulting fit is interpolated into the signal and
control regions. This procedure yields an expected num-
ber of dimuon background events in the signal region of
4.0 ± 1.5 events, where the uncertainty is only statisti-
cal. The corresponsing estimate for the expected num-
ber of events in the control region is 6.7 ± 2.6 events,
with 5.3±1.9 events expected in the lower control region
(dimuon masses from 4.9 to 5.15 GeV), and 1.4 ± 1.4
events in the upper control region (dimuon masses from
5.55 to 5.8 GeV). To determine the systematic uncer-
tainty on the background estimate, we use other func-
tional forms for the background fit, resulting in a sys-

tematic uncertainty of 0.6 events. Adding the statistical
and systematic errors in quadrature yields a final dimuon
background estimate in the signal region of 4.0 ± 1.6
events and 6.7 ± 2.7 events in the control region.

In addition to the dimuon background, there is back-
ground from the decay mode B0

s → K+K−, which has
kinematics very similar to the signal. We estimate this
background by scaling the expected number of signal
events by the appropriate branching fractions [19] and
by the ratio of the probabilities for both K mesons to
be misidentified as muons, ε(KK → µµ), to the proba-
bility that two muons are correctly identified as muons,
ε(µµ → µµ). The probability that a K meson is misiden-
tified as a muon is measured in the data using D0 → Kπ
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> 0.95. These requirements are 78% efficient on average
in retaining signal events but exclude about 96% of the
background. We find a significant enhancement in back-
ground rejection from the BDT discriminants using these
additional requirements before BDT training. These re-
quirements are (93 ± 1)% efficient for the normalization
mode MC, and (91 ± 3) % efficient for the normalization
mode data.

To improve the statistics available for training, the
data epochs are combined and used together to train the
BDT. The signal MC samples for each data epoch are
combined according to the integrated luminosity for each
epoch into a common sample. The data sidebands and
signal MC are then randomly split into three samples.
Sample A, with 25% of the events, is used to train the
BDTs. Sample B, with 25% of the events, is used to opti-
mize the selections on the BDT response. Sample C, with

50% of the events, is used to determine the expected sig-
nal (from the MC sample) and background (from the data
sideband sample) yields. The results of the TMVA BDT
training for both BDT1, trained to remove sequential de-
cay backgrounds, and BDT2, trained to remove double
semileptonic B meson decays, can be seen in Fig. 9. We
check that the response of both BDT discriminants is in-
dependent of dimuon mass over the relevant mass range.
The optimal BDT selections are determined by optimiz-
ing the expected limit on B(B0

s → µ+µ−) and are found
to be BDT1 > 0.19 and BDT2 > 0.26.
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to be fairly loose to maintain high signal efficiency, with
further discrimination provided by the multivariate tech-
nique discussed in Sec. VII.

The normalization channel decays B± → J/ψK± with
J/ψ → µ+µ− are reconstructed in the data by first find-
ing the decay J/ψ → µ+µ− and then adding a third
track, assumed to be a charged kaon, to the dimuon ver-
tex. The selection criteria for the signal and normaliza-
tion channel are kept as similar as possible. In addition
to the above requirements on the muons, we require the
K± to have pT > 1 GeV and |η| < 2, and we require the
three-track vertex to have χ2/dof < 6.7. In the normal-
ization channel the dimuon mass is required to be in the
J/ψ mass region, 2.7 GeV < M(µ+µ−) < 3.45 GeV.

VI. DETERMINATION OF THE SINGLE

EVENT SENSITIVITY

To determine the number of B0
s → µ+µ− decays

we expect in the data, we normalize to the number of
B± → J/ψK± candidates observed in the data. The
number of B± → J/ψK± decays is used to determine the
single event sensitivity (SES), defined as the branching
fraction for which one event is expected to be present in
the dataset. The SES is calculated from

SES = 1
N(B±) ×

ε(B±)
ε(B0

s
)

f(b→B±)
f(b→B0

s
) ×

B(B± → J/ψK±)×B(J/ψ → µ+µ−).

In this expression N(B±) is the number of B± → J/ψK±

decays observed in the data, as discussed below. The
efficiency for reconstructing the normalization channel
decay, ε(B±), and the signal channel, ε(B0

s), are deter-
mined from MC simulations as discussed in more detail
below. The fragmentation ratio f(b → B±)/f(b → B0

s)
is the relative probability of a b quark fragmenting to a
B± compared to a B0

s . We use the “high energy” average
f(b → B0

s)/f(b → B±) = 0.263 ± 0.017 provided by the
Heavy Flavor Averaging Group [23] for the 2012 Particle
Data Group compilation [19], which is consistent with
other recent measurements [24]. The product of the
branching fractions B(B± → J/ψK±)×B(J/ψ → µ+µ−)
is (6.01 ± 0.21)× 10−5 [19].

Figure 4 shows the normalization channel mass distri-
bution, M(µ+µ−K), for the entire Run II dataset. The
mass distribution is fitted to a double Gaussian function
to model the normalization channel decay and an ex-
ponential function to model the dominant background.
A hyperbolic tangent threshold function is also included
in the fit to model partially reconstructed B meson de-
cays, primarily B0

d → J/ψK0∗. A possible contribution
from B± → J/ψπ± is also included in the fit, although
this contribution is not statistically significant and is not
shown in the Fig. 4. Systematic uncertainties on N(B±)
are determined from variations in the mass range of the
fit, the histogram binning, and the background model.
An additional systematic uncertaintity on N(B±) is due
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FIG. 4: (color online) Invariant mass distribution for the
normalization channel B± → J/ψK± for the entire Run
II dataset. The full fit is shown as the solid line, the
B± → J/ψK± contribution is shown as the dashed line, the
exponential background is shown as the dotted line, and the
contribution from partially reconstructed B meson decays is
shown as the dot-dash line.

to the candidate selection. If an event has more than
one B± → J/ψK± candidate, we retain only the candi-
date with the best vertex χ2. This choice results in fewer
overall reconstructed B± → J/ψK± decays but also less
background. To determine the systematic effect due to
this choice, we have reconstructed B± → J/ψK± decays
in two of the five data epochs retaining all candidates.
The SES depends on the ratio N(B±)/ε(B±), and we
find that this ratio varies at most 2.2%, which we take
as an additional systematic uncertainty on N(B±). We
observe a total of (87.4±3.0)×103 B± → J/ψK± decays
in the full dataset, where the uncertainty includes both
statistical and systematic effects.

The ratio of reconstruction efficiencies that enters into
the SES is determined from MC simulation. One source
of systematic uncertainty in the efficiency ratio arises
from the trigger efficiency corrections applied to the MC,
as described in Sec. IV. The variation in these corrections
over data epochs with similar trigger conditions allows
us to set a 1.5% systematic uncertainty on the efficiency
ratio due to this source. An additional systematic un-
certainty arises from the efficiency for finding a third
track. There could be a data/MC discrepancy in this
efficiency which will not cancel in the ratio. We evaluate
this systematic uncertainty by comparing the efficiency
for finding an extra track in data and MC in the four-
track decay B0

d → J/ψK0∗ with K0∗ → Kπ and in the
three-track normalization channel decay B± → J/ψK±.
From this study, we determine that the data/MC effi-
ciency ratio for identifying the third track varies with
data epoch but is on average 0.88 ± 0.06, where the un-
certainty includes statistical uncertainties from the fits

B Bs
0 → µ+µ−( ) =

N
Bs
0

N
B+

α
B+

α
Bs
0

ε
B+
trig

ε
Bs
0
trig

ε
B+
reco

ε
Bs
0
reco

1
ε
Bs
0
NN

fu
fs
B B+ → J /ψK +( )B J /ψ→ µ+µ−( )

Measure yield relative 
to normalization mode:   

Efficiencies & Acc. 
from data & MC 

Fragmentation fractions and 
BR from PDG 

~87k B+ →J/ψ K+ 

Bs → µµ analysis strategy 
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blinded: 4.9<mµµ<5.8 

¨  Many systematics cancel in ratio 
n  Use PV pointing and µ isolation into multivariate discr. (BDT’s)  
n  Evaluation of physics & detector backgrounds from SB fit. 



Search for Bsàµ+µ- decay update (10.4 fb-1) 
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FIG. 9: (color online) Distributions of the BDT response for (a) BDT1, trained against sequential decay backgrounds, and (b)
BDT2, trained against double B decay backgrounds. MC simulation is used for the signal, while the data sidebands are used
for the backgrounds. The vertical lines denote the BDT selection cuts in the analysis. All distributions are normalized to unit
area.
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FIG. 10: (color online) Dimuon mass distribution for sample C (a) before and (b) after BDT selection cuts. The edges of the
blinded region are denoted in (b) by the vertical lines at 4.9 and 5.8 GeV, and the shaded area denotes the signal window. The
curves are fits to an exponential plus constant function. The numbers of expected background events are determined from an
interpolation of the fit into the signal window and scaled to the full dataset.

tribution using an exponential plus constant functional
form. The fit is performed excluding the blinded region,
and the resulting fit is interpolated into the signal and
control regions. This procedure yields an expected num-
ber of dimuon background events in the signal region of
4.0 ± 1.5 events, where the uncertainty is only statisti-
cal. The corresponsing estimate for the expected num-
ber of events in the control region is 6.7 ± 2.6 events,
with 5.3±1.9 events expected in the lower control region
(dimuon masses from 4.9 to 5.15 GeV), and 1.4 ± 1.4
events in the upper control region (dimuon masses from
5.55 to 5.8 GeV). To determine the systematic uncer-
tainty on the background estimate, we use other func-
tional forms for the background fit, resulting in a sys-

tematic uncertainty of 0.6 events. Adding the statistical
and systematic errors in quadrature yields a final dimuon
background estimate in the signal region of 4.0 ± 1.6
events and 6.7 ± 2.7 events in the control region.

In addition to the dimuon background, there is back-
ground from the decay mode B0

s → K+K−, which has
kinematics very similar to the signal. We estimate this
background by scaling the expected number of signal
events by the appropriate branching fractions [19] and
by the ratio of the probabilities for both K mesons to
be misidentified as muons, ε(KK → µµ), to the proba-
bility that two muons are correctly identified as muons,
ε(µµ → µµ). The probability that a K meson is misiden-
tified as a muon is measured in the data using D0 → Kπ

Signal topology: sequential B decay background: double semilep decay background: 11
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FIG. 9: (color online) Distributions of the BDT response for (a) BDT1, trained against sequential decay backgrounds, and (b)
BDT2, trained against double B decay backgrounds. MC simulation is used for the signal, while the data sidebands are used
for the backgrounds. The vertical lines denote the BDT selection cuts in the analysis. All distributions are normalized to unit
area.
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FIG. 10: (color online) Dimuon mass distribution for sample C (a) before and (b) after BDT selection cuts. The edges of the
blinded region are denoted in (b) by the vertical lines at 4.9 and 5.8 GeV, and the shaded area denotes the signal window. The
curves are fits to an exponential plus constant function. The numbers of expected background events are determined from an
interpolation of the fit into the signal window and scaled to the full dataset.

tribution using an exponential plus constant functional
form. The fit is performed excluding the blinded region,
and the resulting fit is interpolated into the signal and
control regions. This procedure yields an expected num-
ber of dimuon background events in the signal region of
4.0 ± 1.5 events, where the uncertainty is only statisti-
cal. The corresponsing estimate for the expected num-
ber of events in the control region is 6.7 ± 2.6 events,
with 5.3±1.9 events expected in the lower control region
(dimuon masses from 4.9 to 5.15 GeV), and 1.4 ± 1.4
events in the upper control region (dimuon masses from
5.55 to 5.8 GeV). To determine the systematic uncer-
tainty on the background estimate, we use other func-
tional forms for the background fit, resulting in a sys-

tematic uncertainty of 0.6 events. Adding the statistical
and systematic errors in quadrature yields a final dimuon
background estimate in the signal region of 4.0 ± 1.6
events and 6.7 ± 2.7 events in the control region.

In addition to the dimuon background, there is back-
ground from the decay mode B0

s → K+K−, which has
kinematics very similar to the signal. We estimate this
background by scaling the expected number of signal
events by the appropriate branching fractions [19] and
by the ratio of the probabilities for both K mesons to
be misidentified as muons, ε(KK → µµ), to the proba-
bility that two muons are correctly identified as muons,
ε(µµ → µµ). The probability that a K meson is misiden-
tified as a muon is measured in the data using D0 → Kπ

After optimized selection expect: 
•SM Signal: 1.23 ± 0.13 
•Background: 4.3 ± 1.6 
•Limit: BR(Bs→µ+µ-) = 23x10-9  
 
Observed 3 events, limit at 95% CL: 
BR(Bs→μ+μ-) < 15 x 10-9 

(CDF: 31x10-9) 
 
http://arxiv.org/abs/1301.4507 !
Submitted to Phys. Rev. D!

à for more details: talk from Michelle Prewitt in Monday YSF  
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•  Search for NP in CPV and rare decays of the Bs meson has been updated, mixing phase Φs 

shows increased consistency with SM. 

•  Many CPV studies performed at Tevatron on Bs system as well as on Bd showing results 
comparable to B-factories in terms of precision and also close to first LHC run results form 
LHCb.  

•  Search for NP in the Bs to µµ mode update from D0. Closes the loop on the full Tevatron data 
sample. CDF shows slight excess with moderate statistical significance. Competition with LHC 
first on rare B decays.  

 
•  Still more (unexpected?) to come with full TeVatron statistics. 

•  Conclusive remarks: 
–  Tevatron opened the way to high precision Heavy Flavor physics at collider experiments, both through detector and 

trigger strategies and through advanced analysis techniques. 
–  HF physics at collider has been demonstrated to be fully competitive especially for hadronic modes and very rare 

decays. Ex. Bs mixing, Bs to µµ, charm physics. Weak points are decays involving neutrals (π0, γ) in the final state.  
–  We are (almost) at the end of our physics program but are leaving a rich legacy on HF physics to LHCb and B factory 

which are taking over. For the time being enjoy though competition! 

 Thank you ! 



3/3/13 Sandro De Cecco - Uni. Paris VI & VII, LPNHE IN2P3/CNRS  
 

22 

Backup 



bà s l+l- status 
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Experimental data: b Ñ s ```´ – number of events

# of evts BaBar Belle CDF LHCb
2012 2009 2011 2011/12

471 M B̄B 605 fb´1 9.6 fb´1 1 fb´1

B0
Ñ K ˚0 `¯̀ 137 ˘ 44: 247 ˘ 54: 288 ˘ 20 900 ˘ 34

B`
Ñ K ˚` `¯̀ 24 ˘ 6 76 ˘ 16

B`
Ñ K ` `¯̀ 153 ˘ 41: 162 ˘ 38: 319 ˘ 23 1232 ˘ 40

B0
Ñ K 0

S `
¯̀ 32 ˘ 8 60 ˘ 19

Bs Ñ � `¯̀ 62 ˘ 9 77 ˘ 10
Bs Ñ µµ̄ emerging

⇤b Ñ ⇤ `¯̀ 51 ˘ 7

B`
Ñ ⇡` `¯̀ limit 25 ˘ 7

CP-averaged results
vetoed q2 region
around J{ and  1
resonances
: unknown mixture of
B0 and B˘

Babar arXiv:1204.3933

Belle arXiv:0904.0770

CDF arXiv:1107.3753 + 1108.0695
+ ICHEP 2012

LHCb LHCb-CONF-2012-008
(-003, -006),
arXiv:1205.3422 + 1209.4284

+ 1210.4492 + 1211.2674

C. Bobeth HCP 2012 November 14, 2012 7 / 23



CPV in Bd semileptonic decays (10.4 fb-1)  
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CP violation in Bd and Bs semileptonic decays

20

Final result:

consistent with standard model

Phys. Rev. D 86, 072009 (2012)

Phys. Rev. Lett. 110, 011801 (2013)

Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - Feb 27 2013 - Luciano Ristori

CP violation in Bd and Bs semileptonic decays

20

Final result:

consistent with standard model

Phys. Rev. D 86, 072009 (2012)

Phys. Rev. Lett. 110, 011801 (2013)

Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - Feb 27 2013 - Luciano Ristori

B0
d à µ D+ 



CP Asymmetries in Bs,d mixing status: 
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new D0 semileptonic new D0 semileptonic 
vs D0 like sign dimuon 

new D0 semileptonic 
+ D0 like sign dimuon 
combination 

LHCb Bs result 



Bsàµ+µ- search with 9.7 fb-1 @ CDF  
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ASPEN February 11-17 2012 M.Rescigno  17 

Bs search with full Run II data @ CDF 

ASPEN February 11-17 2012 M.Rescigno  17 

• Prob. of a background fluctuation become 0.94% (7.1% for bkg+SM signal), was 
0.27%/1.9% 

• Considering two highest bin only p-value are 2.1% (22.4% for bkg+SM) 
• Two sided bound:   0.22 × 10-8 < Br< 3.0 × 10-8 @ 90% C.L.   [Br(Bs→  μ+μ-) = 

1.0+0.8
-0.6× 10-8 @1

• UL 95% (90%) C.L.using CLs is 3.1×10-8 (2.7×10-8)  

ASPEN February 11-17 2012 M.Rescigno  17 
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Bs search with full Run II data @ CDF 

ASPEN February 11-17 2012 M.Rescigno  17 

• Prob. of a background fluctuation become 0.94% (7.1% for bkg+SM signal), was 
0.27%/1.9% 

• Considering two highest bin only p-value are 2.1% (22.4% for bkg+SM) 
• Two sided bound:   0.22 × 10-8 < Br< 3.0 × 10-8 @ 90% C.L.   [Br(Bs→  μ+μ-) = 

1.0+0.8
-0.6× 10-8 @1

• UL 95% (90%) C.L.using CLs is 3.1×10-8 (2.7×10-8)  

ASPEN February 11-17 2012 M.Rescigno  17 



Bsàµ+µ- decay search status 
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Bs→µ+µ– results

Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - Feb 27 2013 - Luciano Ristori



CP Violation in Bs → J/ΨΦ status: 
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Given this situation, it is particularly interesting to see what happens in the b→s 
ΔF=2 amplitude (CPV in Bs mixing), where the SM prediction is more precise.

So far, no signs of deviations from the SM...

Bs                         ψ φ(f0)
  

                
B

s  

_

Sψφ   = -sin(ϕs ) 

  = 0.041 ± 0.01  

SM

G. Isidori –  Flavor Physics Theory       HCP 2012, Kyoto Nov. 2012
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