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Looking back In the mirror

How toproduceb-hadrons ae*e colliders

A little bit of historyand currentexperimentakontext
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B-Factories

(1S), (2S) and (3S) : not enough

mass to decay into BB pair

25
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ete - (45)- BB atas=10.58 GeV :whatis it ?

\ BELLE [ imisna.
Yy V™ d'f; &
B , 3 L }:" i/j
e+ o "‘"4 ‘6\ :é:":wga!
. B o \,\; . B':Bt=1:1
L\\ PE1--
M( (4S))=10.58GeV
only (B, B) are produced (no fragmentation) Twopseudoscalabosons with L=Bntisymmetriwave
function

(B, B) are produced nearly at rest in th@4S)cms _ _
If the two B could oscillate independently: they coulc

become a state made up of two identical mesons
(=bosons), this would be a symmetric state
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ARGUS @ DORIS(DESY) CLEO @ CESR (Cornell)

A RussianGermanUnited StatesSwvedish

Collaboration Symmetrie*e colliders
Luminosities ~ $0- 1032 cm? st

~————<Qum Electrons
———mm Positrons
ooooo

[ Synchro

tron
~" Radiation Lab.

Doris
circumference 300 m
2 interaction zones

a)
dE /7dX ~Hadron
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Chaombers—. /l

Quter Z
Octant I 4 ! B Drift
Shower R 7 : ~Chambers

Detector —

ARGUS proposal in 1978
data-taking 19831987

Inner Drift

Time of f Chamber
Flight
Counters— S A EM Beam

) Pipe PWC
Super- =
conducting § { Electronic
Solenoid— N

Shawer counters
Time of fight counters
Drift chambeor

St CLEO proposal in 1975
data-taking 19792008
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1981 : CLEO : evidence feemileptonidecay of B meson

E ABSTRACT
nergy scan:
: (48) : We have observed an enhancement in the inclusive
i ! I E‘ | cross section for direct single electrons produced in e+e—
a) VIS % annihilations at the T(4S). This is interpreted as
2500~ HAD ' : - evidence for a new weakly decaying particle, the B meson.
+ + : [ A branching ratio for B -+ Xev of 13 % 3 (t3)%]is inferred.
2000 —+ —— + { -
° - : - | |
e i events with p> 1 GeV
> ¥
b eof ; -~ 15 - . predicted spectrum
b) oIS ( ’}<::’/ v assuming D/D* = 1
401 - . ] § 10 / I
: Ll
20|~ . ol + ]
- T 4 EP}‘ 5 — —
! | 1 N |

10.400 10450 10500 10550 10600 — I

o (GeY) 10 20 30 _ :
™ p (GeV/c) but also discovery of FCNC in

Phys.Rev.Let6 (1981) 84 HFLAV School 26 May 2025-HvSchune decays withbY s 5




The top quark at an e+-ecolliderwitha s = Gd)/in 1987 |

et e - (4S) BBatas=10.58 GeV

Production of cohereBBpairs

B%- D*nin
B%- D*ntn

Fig. 11: The fully reconstructed :,'
ARGUS event [26] 2l
ete~ — T(4S) — BB’ = B°B® H| °
as the first evidence for the =
occurance of B°B’ oscillations.
BY = D;_F’T V, C—

D™ — ﬂ,’,l_)o, D’ - Ki=;.
B’ — B® — D}~ u}v, €=
D;~ — =°D7,

70 — 4y, Dy — K nyx5.

First hint of a
really largem,!
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1989-1995 : LEP (CERN) and SLC (SLAC) colliders :

ete - 20- gqatas=91GeV

g=u,d,s, c,b
10°
= 4
= 10 e'‘e”_shadrons
&
“5 h,
% v CESR DORIS
A 103
S = ¢ PEP PETRA
U — =
= —
S —
107 -
- et
10 IIIIIIIlIIIIllIIIellelﬁ}/IIIII|
o 20 40 60 80 100 120

Center of Mass Energy [GeV]

Jet"i
Initial collision (elm int) QCD
(computable) Ii

hadronization
(models needed)

b b correlation
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The tunnel
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A

4 experiments: 4 different choices but some similarities

10m

To o I To o Do o I

To I I

A

Onion shape andp!

General purpose detector

Tracking measurements with as little materia
possible (TPC)

PID dEdx, Cerenkov)

Calorimeters (different choices)

Muon chambers

Luminometers

Si vertex detectors (close to beam pipe). ALE
and DELPHI from the beginnilngj) (

Start: 4 bunches against 4 bunches (!)
1992 :8x 8
199512 x 12

~ 400 physicists/experiment

ay 2025-Hvschune 10



~ 1.2 millions Bhadrons produced per experiment

Large boost of the B hadrons (p~35 Ge¥)flight of few mm before decay

BV D, /b

Evidence for Bs production in Z decays

Ahelps for the identification of B hadrons

Alifetimes measurements

AmiXing studies lg 6 L o signol 0)
S | xsomesignd*i* Lp:b 0.8 GeV/c
\
e ~
i ALEPH s L
S DELPHI
5 3
2
Bl i
0 B

1.7 1.8 1.9 2 2.1
M(KKT) (Ge VI

I/ 1990 -1991 data
— e LEP (1990)
e+e- beams perpendicular to the page
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https://doi.org/10.1016/0370-2693(92)91385-M

Was only possible given the innovative Si detectors

A few mm between the Interaction point and the b

hadron vertex

1990 : ALEPH and DELPHI

1993 : all 4 experiments, Be beampipe with smaller radius (~ 5 cm)

: ,a% «3

2l

AV School 26 May 2025-HVBchune
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THE Bactories
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At the dawn of the century, the two neMaBtories

BaBar@PER(US) Belle @KEKB (Japan)
1999 6 2008 1999 9 2310
~ 500 fb-! ~ 700 fb

rsvey

4p detectors with ,
excellent tracking and pa
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Towards the observation of CP violation in B decays

'V V V) )
ud Yus Y ub 1 — l/\z AN (p — i
1/\2< %4) + O\

vV.V.V e
cd "cs "cb QPD A)\) 1
\th Vts th Y,

V*,1 V,, A CP violation

- W - W
” . ”
b — - u b —4—14(— u
e U
Jiscover®

CP - ohation N pes
Largeeffects for particles with b quark gut CP "‘10 ksd\/mesd‘s '
Smalleffects for particles with aor s quark study'"9

Distinctive flavour sector of Standard MOd%IF[L%chO‘F%%? Ebléé [&lecated in extended theories

une
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One amplitude : neensitivityn phase (|\] 2=V 7| #)

A

-

source | Al
0

Sensitivity to the phase difference

W: Jilf — A(B — f) = alei(‘sﬁ‘i’l) + a26i(52+¢2)

Af — A(B 3 f_') — &1ei(51—¢1) 1 a26%’(52—¢2)1

HFLAV School 26 May 2025-HVBchune

d strong phase
f.weak phase

to observe CPV :

T
w O
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Threetypes of CP violation

A
2\CJ_D': 4 Z
P
In all cases:

two amplitudes (A = A+ A,) are
needed for the observation

CP violation idlecay (« directCP») :

A
B f Only one
— _existing for
B A }" charged B
CP violation imixing:
B° B° f Notyet
B observedfor B
B° B° > mesons

CP violation in_the interference
betweenmixingand decay :

First observation of CP
violation in Rlecays:

sin(2) measurement
- chune




Discovery of CP violation in the B system : measurement of bhangle

6 © Gr 0
CP violation in the interference between mixing and decay
=% Udecay f
- Ud = Umix'2 Udecay
D 'Udecay
mix B0
Mixing Decay
) b Vi, W "u'"t_d_ - d B b Vg h ; ‘]’hp—
d Via Vi b d a K
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6 0o (p (YOBUYo 6 Als@Ye) . o
PE ooy e (p (YOBRY & AlsdY))

2
_ 1- |/f| di
¢ 5 Irect CPV .
L+|/4]
| o J2)D) {) |oemeocmeeems
o= ZIm[/fZ] CPV in the interference between ( ) ViV, | V.V,
mixing and deca T A .
1+|/,| g y VOV, . VIV
/ q<f|H]| B > .q Af ;
f p<f|H|B° > pA, §=;‘z a | éf
=T, R

. Ffs 0 gy

0 (yO) _t ( Z ; % 112 E ° IZ ) O Eﬂ O ESJ/’E) theoretically clean
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Why are BFactories detectors slightly asymmetric ?

BABAR Detector

Instrumented Flux Return . -

Electromagnetic -
Calorimeter

DIRC
(Cerenkov)

Drift Chamber
Silicon Vertex Tracker

20




Time evolution of an Y(4S) decay

t=0 Y(4S)A BB
Neither B is a specific eigenstate but they evolve coherenlyaid B)

t=t, one of the two mesons ) Becays
If B, Is a flavour eigenstate,Blso

t=t, the other mesonBlecays
it can decay as a Bor a B (mixing can take place) or a CP eigenstate

t,>t, or t,<t,
HFLAV School 26 May 2025-HVBchune

t=0 Bj;
t=t, B°

/\

K* n

t=t,

Y(4s)

(B°)

BO

/\

J/v Ks
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IO E:Z

how to measurg &and t, ?

) tC °
) T«

0 V)

&t &t

We do not know where thg4S) has decayed

I/

Bi(flav) 2 /
GO BACP)

Y(4s)

K+ /(s\

L4

OKl O

M( (4S) = 10.58 GeV

decay vertices

t (B, B) are produced nearly at rest in thé4S) center of
mass (p* ~ 340 MeV ), ~ 30nrm between Band B

(

?
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C

t=0 By
t=t, B°

/\

K* n

t=t,

Y(4s)

(B°)

BO

/\

J/y  Ks
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Make the (4S) flies!

B Factory e~ beam energy e' beam energy Lorentz factor 2 B separation

PierOddone(LBL) E_ (GeV) E; (GeV) By
PEP-II 9.0 3.1 0.56 ~ 250 mm
KEKB 8.0 3.5 0.425 ~ 200 mm

PEP-11
Rings ™

Positrons

Low Energy Ring

BABAR Detector

HFLAV School 26 May 2025-HVBchune 23



Why are BFactories detectors slightly asymmetric ?

because we want to measubde
otherwise no sensitivityldangle

OKi OB YOYo m




Asymmetry in the physisasymmetry in the detector

BABAR Detector

Instrumented Flux Return

Electromagnetic
Calorimeter

DIRC
(Cerenkov)

Drift Chamber
Silicon Vertex Tracker

25
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BaBafBelle have ended dataaking in 2008/2010

(Bellell is taking over A Ambitious goals :

Detector performances >Bactories ones Peak luminosity integrated luminosity

Improved performances in analyses techniques 6 10°> cm?s* (x30) 50 ab* (x50)

Belle Il Online luminaosity Exp: 7-26 - All runs

B Recorded Weekly
15.0 4 j‘ERecordeddtu_uﬁlz??g[fb—l] ............. - 400

- 300

5.0 N Lo emenermen e | IS NUNRORR ([l -

Total integrated luminosity [fb~1]

=
o
o

Total integrated Weekly luminosity [fb1]

0

.w; S ‘ .W“ P WMQ%W%W

HFLAV School 26 M ay 2(C Date Updated on 2022/06/22 18:14 ST




Rough experimental considerations

Suppression of non bb eventm @events : \

qq B B A Few tracks in an event (~&%10 )

A Production vertices of the B are unknown

| A Flight distance between the 2 B ~ 28150
% (Belle2)mm

A ~ 100% trigger efficiency /

HFLAV School 26 May 2025-HVEchune 27



avents

NEand mgs0or Mg

AE = EE? o Egeam?

2 L 2 2
ONE = OBy T Ok

/N

reconstruction
(dominant)

charged tracks only

()

......

avents

EEEEE

charged tracks + neutral

\ Mhe = \/Eggam — fp"g\

From the lab frame boost all tracks
back in the (4S) rest frame

beam energy spread

[ ()

HFLAV Sc

events

| 26 May 2

charged tracks only —

from detector
measurement

[}]
IS .
o @ [
60000 - (a) 370000 [ (b)
50000 |- 60000 [
40000 50000
C 40000 [
30000 -
- 30000
20000 |- i
C 20000 [
100 10000 [rennmomeesnmnamssmsem s
I N AN YT SN TN NN S T M N - N RRTIRT H N T T S N ST S PR R, Y
%2 522 524 526 5.3 %2 522 524 526 528 53
mgg(GeVic) mgg(GeV/c?)
-HVBchune 28

independent of the mass
hypothesis of the particles

dominated by the
beam energy
knowledge

charged tracks + neutral




Some (cheerpicked)
examples

od - ] =
N . A
\ .l |
AR sin 2
O TN
. . o
L
(d "’ ; " '_\
. " 4

Semileptonidecays

FCNC



Schematic view of sfnaneasurement

1

\-

. reconstruction of-F JIT KS\ \ Q ~ 30% /

N
2. Flavourtagging: B or B atm
production time

J/ Highp Lowpr
- 1*
\ - v + ¥l
W W
\’%‘V‘p b - : - =S
; y QR =e(1 —2w)? =eD?
[ J Az=ByAt | tagging efficiency ¢
mistag probability w ("wrong’)

“o 3000

+ All combined
Fit result
[ — B> JiyK®
—B"> \u(ZS)
—8° > K

events /1 MeV/
N
o
o
o

3. Measurement dft

Dz ~ 250 mm
Q2 522 524 526 528 53 / \__ (resolution ~ ~ 1001 ) J

M, (GeV/c?) HFLAV School 26 May 2025-HVBchune -

1000 -




Discovery of CP violation in B decays

Prob(B'(¢) - fs) ~ Prob(B°(t) > f)

a,(t) =

BaBar Phys.ReW:

Prob(B°(t) — f_,) + Prob(B°(t) — f_,)

|
L ]
[ws]
[=]
-
)
i)
wr

g

T

(a)

o

S 5
JN

I|III| 11 IlllllT

g

3

o =
IIII| Illllllllyllllll III|
} FA

© o
T

—_—
[e]
St

Raw Asymmetry Events/ (04 ps) Raw Asymmetry Events/ (04 ps)
L]
=

S O
oM S I ]

«g° | ',
IS NS S
5 d I At (

sind = 0.687 +£0.028 £0.012

[aTaYe]

Dt (pg)

= sin(2A) sin(cm Yt)

\

BABAR (2000)
(9.0/fb)

Belle (2000)
(6.2/fb)

Belle (2001)
(11 M BB)
BABAR (2001)
(23 M BB)
BABAR (2001)
(32 M BB)
Belle (2001)
(31 M BB)
BABAR (2002)
(88 M BB)
Belle (2002)
(85 M BB)
Belle (2003)
(152 M BB)
BABAR (2004)
(227 M BB)
Belle (2005)
(386 M BB)
BABAR (2006)
(348 M BB)
Belle (2006)
(535 M BB)
BABAR (2008)
(465 M BB)

Belle (2011)
(772 M BB)

Current Average

HFLAV School 26 May 2025-HVBchune

sin 24)1

0.12 +0.37 +0.09 (a)

+0.43 +0.07
0457 ooe (B)

£032 40.09
0.587 5 010 (©

0.34 +0.20 £0.05 (d)
0.59 +0.14 =0.05 (e)
0.99 +0.14 =0.06 (f)
0.741 +0.067 =0.034 (g)
0.719 £0.074 +0.035 (h)
0.728 £0.056 +0.023 (i)
0.722 £0.040 £0.023 (j)
0.652 +0.039 +0.020 (k)
0.710 +0.034 +0.019 (1)
0.642 +0.031 +0.017 (m)
0.687 +0.028 =0.012 (n)

0.667 +0.023 +0.012 (o)

0.677 £0.020

3% precision

time
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= Sill(2(])l) %

sin(2f)

PRELIMIMNARY
BaBar , ! 0.69 +0.03 £ 0.01 | —_—
PRD 79 (2009):072009 i = 071 i
BaBar y . K.: - 0.69 +0.52 +0.04 +0.07 ]
PRD 80 (2008):112001 . — ;
BaBar J/y (hadronic) K. | 1,56 +0.42 + 0.21 0.6 1 J
PRD 69 (2%54)5052&01) = | 5 ]
Belle ; i 0.67 +0.02 + 0.01 05! i
PRL 108 (2012) 171802 1 : 9]
ALEPH } . : 0.84 *152+0.16 :
PLB 492, 259 (2000) ; 0.4 I
OPAL , L 3.20 35p + 0.50, ;
EPJ C5, 379 (1998) . ¥ 03
CDF i i 0.79 *04! ] !
PRD 61, 072005 (2000) —r o ]
LHCb : : 0.724 + 0.014 0.2 B
PRL 132 (2024) 021801 ' :
Belle5S : : : 0.57 £ 0.58 + 0.06 ]
PRL 108 (2012) 171801  \ | 0.1 3
ﬁgﬁf‘ e . 0.709 + 0.011 //contours hold 68.3%. 95.4% CL
L 1 . L I 00 i T T T T T T T T T T T T T T T T T T T 1
2 1 ] 5 3 0.0 0.2 0.4 0.6 0.8 1.0
P
1.6 % precisior Most precise angle of the CKM unitarity triangle
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The CKM magnitude¥|,| and | V.| are determined fronsemileptoni8 meson
decays

L - /2/2) /

A| V4| is entering everywhere
ADealing with hadrons not quarks

e_
W _
b )V;b Ve
! g=c,u
> £
0 A-7%12) 1 1
W7 _
o ;
u
q
u
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exclusive inclusive

4

B- pa B- X,a

NB due to the large background

4

B- D B- X, &

QCDform Heavy Quark

factors symmetry+ OPE
Use of beam energy constraintsaswellasdgagde reconstructi on
neutrino

Long standing tensions on¥hge
measurements using inclusive and

exclusive decays

HFLAV School 26 May 2025-H.__.......



| V| : Inclusive determinations

qb -uln , ub\ U(r i

b b ab -cln) N, 150
) — U L If) — U
2
Charged LeptonEf Virtual W q Hadronic My
Energy Mass Squared Mass

Even with modern technics, the reduction of the kegebdlackground has significant conseguences on the
systematics uncertainties

HQET breaks down due to experimental cuts

More information, higher purity reconstructing the other B.

/

D 4 - )
‘ : o Use very effective ML techniques (Adversarial Networks or Aspir

Networks with which one can explicitly avoid to shape a variable
interest)

A Future T

HFLAV School 26 May 2025-HVBchune 35



A new Belle analysis foV,, measurement

Principle :

Fully reconstructdgl, + full reconstruction of the 3ystem extraction of BR{B* /b) and BRRY X, /b ) simultaneously
Advanced ML techniques to reduce the charm background

2 - N2
q :(pB_pXu) ar]dN‘i 4.8»'"'I""I""I"“I""I""II""I""
[ e Bonm*fv =X Comb. % * fit SM: prp =1
I 0 B .
T T T T T T T T T T T T T T T T T T T —T T3 2500 4_6 - e Bomiv Belle (GGOU) |i1 HFLAV (incl. GGOU) .
350 | Ne=0 Ny =1 Nps =2 Ny =3 High Mx 1 |
— 300 :— /4 MC unc. X2[ndf:13'8"(24'3)
% [ & Data |
[ B-n'v
© 250 | = i
— [ [ Other B=X,Iv - ""-..\
vV 200 I 3 Background ~ —
Ex r Hassassssssnnns Y
< 150 | %
12] H
E r i ‘ |
2 100 | 1 p '
- : i | @ ACF I
50 F i i a ! i
emta ol | '
i 1 H _ '
o 0 L N e e o : T : : T : : : T |l J\ T E /
= E I [ { { E 7/ I
31.00:1[ {}I P11 { PRy I . P
8075 ; I S -7
E oo o b o L]
'\‘> 8 E 8 ;" E 8 G 8 ':':‘ G 8 rn‘ 8 ; [? a G 6 ';r" ? 'ﬂ' ? c;\‘l 3 4 L L L L I L L L] 1 I L L L L I 1 L L L I L L L L I L L L L I L L 1 L I L L L L
3220825528 332982383283 1110 -
fegafuggfiSngataggfiiis 300 325 350 3875 400 425 450 475 500
o N N N N
Excl. |Vs| - 103

PhysRevLett 131, 211801 Q023) S-MIVDLTIULIE
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FLAG2024
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| mpressive I mprovement on the knowl

LHCbenters here !
1995 2001 2010 2023

e YL P A e * T 1‘5‘[ (oo rese TR LN SR 1'5:‘eﬁc.ulea;,eah;c'ﬁovg's! Y
; i . Amy [ if
1.0 Amy o - 1.0 | , 1.0 |
; Amy & Am, | | ‘ Amd & Am,
; : - sin 28 Am & Am, - Fsin 2p ;
L : - - : - 05 i :
05 : . 05 . y i A
e .h . ke o~ ] L& 8 -h ]
} : A L€k i : : 4
I= 0.0 ..............: ....... — I= 00 B e T IS — IS 0.0 f—----s=---8s ‘ eassves ceeses 4l
; . ] ] E Vv :
[Veo| 1 ‘ [ Vil i 1 ! "bJSL v
ubl ' | Vil
-0.5 H = 0.5 0.5 TV —
[ o £ -
J g ; . s ) " "
"""" EEE I % Y =0 t Summer23 os|.2>|50
€ ‘» ICHEP 10 L > 0.9
. 1 i - | 1 .5 TR | ! ! 1 15 ' ' | ' o
0 0.5 0.0 05 1.0 15 2.0 1.0 05 0.0 0.5 1.0 15 2.0 1.0 0.5 0.0 0.5 1.0 15 2.0 1.0 0.5 0.0 0:5 1.0 19 20
: P P ’

éeédue to experiment al and t

B-factoriesoutcome at theelectroweakscale the CKM
mechanisdominate<P violation



FCNC : a powerful tool to test SM (and search for NP)

FCNC are forbidden at tree level in the SM
Mediated by box and loop diagramss sensitive to indirect effects of New Physics (NP)
Access to larger scales than direct searches

Tests of couplings té¢f Yeneration lf-quarks)

L
g 1EE P

O

%2
\\
x4
X
W
e
by
A
N
Y
A
)
e
WA
"4’%
]
)
N
N
]
)
"y
oy

. 08 o A T & 0 F AP £
B R A R A A A S AL LA AN
NPscaleand coupling [

CKMlike flavour generic flavour
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(very) rare decaysbY s JB/btransitions

/ HY H, /&b x

b t S b W= S

> \ >

W=\ ‘\ VV:-I- )
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Wea_k Effective Theory See the nice step by step explanation in th

morning Al exander 0s

Full theory Effective description
b s W, Z, top,

Integrated out

0 »
Z s It
b Jb
~ Fer mi 06s newalcdeday t |
perturbative, contains the short
fl 9 Ow (6 1 O u ) Q( &) CiSM( Q) QNP( 6 ) distance physicg? independent.

Heavy NP

( 6) nonperturbative, Lorentz structure,
C)i long distance physicg2 dependent.



Which operators and Wilson coefficients ?

o)

bY s/b/b BY a &
-

speci

dipole (e.m. penguin) Coupllng bY q)
brie) (6)
0 - >w C7
(6)
O'(7) 0.4 (EUMVPR(L) b)F/I‘V (_”]“ rn, (50, -PR“ b)F Clo( (0) )
—_— 7 S A
0§ o (57, Py(ayb) (Iul) p—— C{ ®IC0)
049 o (57, Prrb)(17u7s0) \ e fr A priori different for
T — (= = ) %o = /b=e and /5"
Oy (SPL(R) b)(l l) SL(R) £ r
\OQ o (8P b) (151) ) O = B if there is New Physics :
Oy = (57 PL(r)b) (E4" 5. £)
scalar, pseudo-scalar -4 ~
b1 Lri O O O
O[sﬂp -
| SL(R) £ R A N 0 nee d t
O = sPgybit € )
O = 5Ppyblyst

Primed operators and Wilson Coefficients:
PY Prandm Y m
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HY H.JB/Bwhat do we measure ?

Branching Fractions

Angular observables

Lepton Flavour Universality
observables:

Branching Fractions ratios

angular observables ratios

theoretical
cleanness

HFLAV School 26 May 2025-HVBchune

there is no free lunch

FREE
LUNCH

§ 1022
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Current situation

Tensions se&wrt SM predictions (Branching ratios and angular analyses)

with TH input for the ndocal contributions No TH input for the ndacal contributions

HFLAV School 26 May 2025-H\Bchune Plots from BCapdevila
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