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Looking back in the mirror

How to produceb-hadrons at e+e- colliders

A little bit of historyand currentexperimentalcontext
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B-Factories

Off
On

)MeV(ME )S4(CM U-

(4S) ­ B+Bï, B0B0

to approx. 50% each

bb resonances

 (1S),  (2S) and  (3S) :  not enough 

mass to decay into BB pair

e+ e- ­ (4S) ­BB at ãs = 10.58 GeV

Production of coherent BB pairs with a cross section 

of 1.1 nb   (over a continuum of ~3 nb)

„(bb) å 1.1 nb

„(cc)  å 1.3 nb

„(ss)  å 0.3 nb

„(dd) å 0.3 nb

„(uu) å 1.4 nb
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e+ e- ­ (4S) ­BB at ãs = 10.58 GeV : what is it ? 

B

B

e+

e-ἆ

M( (4S))=10.58 GeV  
JPC= 1 - -

only (B+, B0) are produced (no fragmentation)

(B+, B0) are produced nearly at rest in the (4S) cms  

Two pseudoscalar bosons with L=1, antisymmetric wave 

function

If the two B could oscillate independently: they could 

become a state made up of two identical  mesons 

(=bosons), this would be a symmetric state é 
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ARGUS @ DORIS-II (DESY) CLEO @ CESR  (Cornell) 

A Russian-German-United States-Swedish

Collaboration

ARGUS proposal in 1978

data-taking 1983-1987 

CLEO proposal in 1975

data-taking 1979-2008 

(change of detector and CLEO-c)  

Symmetric e+e- colliders

Luminosities ~  1031 - 1032 cm-2 s-1
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1981 : CLEO : evidence for semileptonic decay of B meson  

Phys.Rev.Lett. 46 (1981) 84

Energy scan:  
 (4S)

events with pe > 1 GeV 

predicted spectrum 

assuming D/D* = 1 

but also discovery of FCNC in b-

decays  with bŸs‎
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The top quark at an e+ e- colliderwithãs=10 GeV in 1987 !   

Argus Collaboration

PhysLettB 192 p454 

B0­D*-m+n

B0­D*-m+n

e+ e- ­ (4S) ­BB at ãs = 10.58 GeV

Production of coherent BB pairs

Dm
B

» 0.00002×
m

t

GeV c2

æ

è
ç

ö

ø
÷

2

ps- 1

       » 0.5ps- 1

First hint of a 

really large mtop!

Ý mt >50 GeV
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1989-1995 : LEP (CERN) and SLC (SLAC) colliders :

e+ e- ­Z0 ­qq at ãs = 91GeV

q=u, d ,s, c ,b

b b correlation

b

b
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Å1981  Approval

Å1983  Start of civil engineering

Å1988  tunnel done

under the Jura mountains

08 February1988

The tunnel

First Z0 : August 1989
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Å Onion shape and 4p

Å General purpose detector

Å Tracking measurements with as little material as 

possible (TPC)

Å PID (dE/dx, Cerenkov)

Å Calorimeters (different choices)

Å Muon chambers

Å Luminometers

Å Si vertex detectors (close to beam pipe). ALEPH 

and DELPHI from the beginning (LoI)

Å Start: 4 bunches against 4 bunches (!)

Å 1992 : 8 x 8 

Å 1995 12 x 12

Å ~ 400 physicists/experiment

8
m

10m

4 experiments: 4 different choices but some similarities
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Large boost of the B hadrons (p~35 GeV) Ý flight of few mm before decay

Å helps for the identification of B hadrons

Å lifetimes measurements

Å mixing studies 
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~ 1.2 millions b-hadrons produced per experiment 

q

q
LEP (1990) 

e+e- beams perpendicular to the page

DELPHI

Bs ŸDs Љ’

DELPHI

1990 -1991 data

Evidence for Bs production in Z decays

https://doi.org/10.1016/0370-2693(92)91385-M


†  ρȢυτȢ
Ȣ πȢπτ ÐÓ

Dms> 6.6 ps-1 Full LEP1 data

Bs ŸDs Љ’
Was only possible given the innovative Si detectors 

1990 : ALEPH and DELPHI 

1993 : all 4 experiments, Be beampipe with smaller radius (~ 5 cm)
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A few mm between the Interaction point and the b-

hadron vertex 
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THE B-factories
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BaBar@PEPII ð (US)   Belle @KEKB (Japan) 

1999 ð 2008 

~ 500 fb -1

At the dawn of the century, the two new B-factories 

Luminosities ~ few 1034 cm-2 s-1

~ 700 fb -1

1999 ð 2010 

4p detectors with 

excellent tracking and particle 

identification (including K/p/p 

) 
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V*ubÍ VubĄ CP violation 

CP
Large effects for particles with a b quark

Small effects for particles with a c or s quark

Distinctive flavour sector of Standard Model not necessarily replicated in extended theories 

Towards the observation of CP violation in B decays
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source
1A

2A

1A

2A

B f

One amplitude : no sensitivityon phase (|Vij|
2 =|V *

ij|
2 )

Sensitivity to the phase difference di strong phase 

fi weak phase 

‏ ‏
 ὥ 0

to observe CPV : 
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Threetypes of CP violation

CP violation in the interference

betweenmixingand decay:

First observation of CP 

violation in B decays: 

sin(2̡ ) measurement.

CP violation in mixing:

Not yet

observedfor B 

mesons.

CP violation in decay(« directCP») :

Only one 

existing for 

charged BA : B ! f

A : B ! f

In all cases: 

two amplitudes (A = A1 + A2) are 

needed for the observation 
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Discovery of CP violation in the B system : measurement of the b angle 

B0

B0

f

Ŭmix

-Ŭdecay

Ŭdecay

Ŭd = Ŭmix-2 Ŭdecay

Mixing Decay

CP violation in the interference between mixing and decay   

ὄ ᴼ ϳὐ‪ὑ
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direct CPV

CPV in the interference between 

mixing and decay 

ὃ Ўὸ=
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BŸJ/‪ Ks

theoretically clean 
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*
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a=f2

b=f1

g=f3
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Why are B-Factories detectors slightly asymmetric ? 
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Time evolution of an Y(4S) decay 

t=0 Y(4S) Ą B B

Neither B is a specific eigenstate but they evolve coherently (ie B and B) 

t=t1 one of the two mesons (B1) decays 

if B1 is a flavour eigenstate, B2 also 

t=t2 the other meson (B2) decays

it can decay as a B0 or a B0 (mixing can take place) or a CP eigenstate

t=0 

t=t1 

t=t2 

t2>t1 or t2<t1 
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how to measure t1 and t2 ?

ᵼ (B+, B0) are produced nearly at rest in the (4S) center of 

mass   (p* ~ 340 MeV ), ~ 30 mm between B1 and B2 

decay vertices   

M( (4S) = 10.58 GeV 

ὃ Ўὸ=
t ᴼ ȟЎ t ᴼ ȟЎ

t ᴼ ȟЎ t ᴼ ȟЎ
 ÓÉÎς‍ÓÉÎЎάЎὸ

t=0 

t=t1 

t=t2 

We do not know where the (4S)  has decayed 

p-
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Make the (4S) flies !

Pier Oddone (LBL)

Belle-II lower boost  4 (e+)  GeV vs 7 (e-)  GeV

2 B separation 

~ 200 mm 

~ 250 mm 



HFLAV School 26 May 2025   M-H Schune 24

Why are B-Factories detectors slightly asymmetric ? 

because we want to measure Dt 

otherwise no sensitivity to b angle

ÓÉÎς‍ÓÉÎЎάЎὸ ὨЎὸ π
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e+e-
B

B

Asymmetry in the physics Ą asymmetry in the detector 

ãs=10.58 GeV

Dt
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BaBar/Belle have ended data-taking in 2008/2010

Belle-II is taking over

Peak luminosity integrated luminosity 

6 1035 cm-2 s-1 (x30)     50 ab-1 (x50)

Detector performances > B-Factories ones

Improved performances in analyses techniques 

Ambitious goals : 
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Rough experimental considerations 

bb events : 

ÅFew tracks in an event (~ 5 ð 10 ) 

ÅProduction vertices of the B are unknown

ÅFlight distance between the 2 B ~ 250 ð 150 

(Belle2) mm

Å~ 100% trigger efficiency

Suppression of non bb events



charged tracks only charged tracks + neutral
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ɲE and mES or mBC

reconstruction

(dominant)
beam energy spread

charged tracks only charged tracks + neutral

from detector 

measurement

independent of the mass 

hypothesis of the particles

dominated by the 

beam energy 

knowledge

From the lab frame boost all tracks 

back in the (4S) rest frame
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Some (cheery-picked) 

examples

sin 2‍

Semileptonic decays 

FCNC
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Schematic view of sin2‍ measurement

2.  Flavour tagging: B or B at the 

production time
High pT Low pT

1.  reconstruction of BCPŸJ/‪Ks

3.  Measurement of Dt

Q ~ 30% 

Btag

BCP

Dz ~ 250 mm 

(resolution ~ ~ 100 mm )  



= sin(2Ȃ) sin(çm  Ўt)

sin2b= 0.687 ±0.028 ±0.012 

BaBar Phys.Rev.D79:072009,2009
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Dt (ps)

time 

3% precision

Discovery of CP violation in B decays 
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1.6 % precision! Most precise angle of the CKM unitarity triangle 
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2(1 /2)l h-
*

*

ub ud

cb cd

V V

V V

*

*

tb td

cb cd

V V

V V

12(1 /2)l r-

â

0

à

á

The CKM magnitudes |Vub| and | Vcb| are determined from semileptonic B meson 
decays

Å| Vcb| is entering everywhere

ÅDealing with hadrons not quarks 

b

q=c,u
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exclusive inclusive

QCD form

factors

Heavy Quark 

symmetry+ OPE

B ­ p ǎn

B ­ D* ǎn

B ­ Xu ǎn

B ­ Xc ǎn

l +

n
l

Use of beam energy constraints as well as  tag-side reconstruction to òcompensateó for the missing 

neutrino 

Long standing tensions on the Vxb 

measurements  using inclusive and 

exclusive decays 

NB due to the large background 



HQET breaks down due to experimental cuts

More information, higher purity reconstructing the other B.  

 

Ą Future
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| Vub| : inclusive determinations 

Even with modern technics, the reduction of the huge b->c  background has significant consequences on the 

systematics uncertainties 

Use very effective ML techniques (Adversarial Networks or Aspiration 

Networks with which one can explicitly avoid to shape a variable of 

interest) 

( )
n

l r h
n

G ­
º = - º

G ­

l

l

2
2

2

( ) 1

( ) 150

ub

cb

Vb u
i

b c V
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A new Belle analysis for Vub measurement

Principle : 

Fully reconstructed Btab  ᵼ full reconstruction of the Xu system ᵼ extraction of BR(BŸ“Љ’) and BR(BŸXu Љ’ ) simultaneously

Advanced ML techniques to reduce the charm background

and N“±

Phys. Rev. Lett. 131, 211801 (2023)
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CERN-TH-2024-192
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2023

Impressive improvement on the knowledge of the unitarity triangleé 

édue to experimental and theoretical progresses. 

LHCb enters here !

B-factoriesoutcome: at the electroweakscale, the CKM 

mechanismdominatesCP violation 
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FCNC are forbidden at tree level in the SM

Mediated by box and loop diagrams ᵼ sensitive to indirect effects of New Physics (NP) 

Access to larger scales than direct searches 

Tests of couplings to 3rd generation (b-quarks)

꞊ ᶿ
╬ἚἜ

☻ἚἜ

NP scaleand coupling

ãs
Direct searches

╬ἚἜ
generic flavour 

violation

CKM-like flavour 

violationHFLAV School 26 May 2025   M-H Schune

FCNC : a powerful tool to test SM (and search for NP) 
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(very) rare decays: bŸs Љ+Љ- transitions 

BsŸ Љ+Љ- 
HbŸ Hs Љ

+Љ- 

Љ+

Љ-

Љ+

Љ-

BR ~ few 10-7 

BR ~ 10-9 - 10-10 
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Љ+

Љ-

Љ+

Љ-

b s b s

Oi
(ô)

Ci
(ô) = Ci

SM (ô) + Ci
NP (ô)fl ᶿὋὠ ὠᶻ ὅַײ ὅַײ

Weak Effective Theory

W, Z, top, é 

integrated out 
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perturbative, contains the short 

distance physics. q2 independent. 

Heavy NP 

non-perturbative, Lorentz structure, 

long distance physics.. q2 dependent.  

~ Fermiõs description of neutron b decay

See the nice step by step  explanation in this 

morning Alexanderõs lecture
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Which operators and Wilson coefficients ?

Primed operators and Wilson Coefficients:

PL Ÿ PR and mb Ÿ ms

Coupling bŸs‎ bŸsЉЉ BŸǎǎ

C7
(ô)

C9
(ô)

C10
(ô)

CS
(ô) & CP

(ô)

A priori different for 

Љ = e and Љ=‘ 

if there is New Physics : 

ὅ ὅ  ὅ

Å No need to specific a precise model (Leptoquark, Z ô , 

é)

Å Approach working for heavy New Physics (> MW) 
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HbŸ Hs Љ
+Љ-: what do we measure ?

Branching Fractions

Angular observables
theoretical 

cleanness

there is no free lunch 

Lepton Flavour Universality 

observables: 

Branching Fractions ratios

angular observables ratios



44Plots from B. Capdevila 

FPCP 2023 

No TH input for the non-local contributionswith TH input for the non-local contributions

Current situation
Tensions seen wrt SM predictions (Branching ratios and angular analyses) 
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