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B physics colliders/experiments

e+e- colliders Hadron colliders

 Exploit resonant enhancement for e+e- » Exploit large production cross-sections at
-Y(4S)- BB high energy

* Produce only BB pair in quantum- - Gain for colliders vs. fixed target
entangled state « Produce all species of b hadrons,
- CESR/CLEO 1979-2001 incoherently

- KEKB/Belle 1999-2010 challenges to record data

- SuperKEKB/Belle2 2019- - Tevatron (pp)/CDF+D0 2001-2011

~ LHC (pp)/ATLAS+CMS+LHCh 2009-
- HL-LHC (pp)/LHCb upgrades 202X-

- PEP-Il/BaBar 1999-2008 « Many additional particles in pp — bbX:
asymmetric

* [ere-- Z — bb also interesting but will
not be discussed here]
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Discovery of bottomonium (Y)

P+ {Cu,Pt} » u"u X



Discovery of bottomonium (Y)
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How to discover particles

* The existence of the bottom quark was established in 1977 through
the discovery of the Y state

« The Y is the vector (Jrc = 1—) bottomonium (bb) state
e There is a lighter bottomonia, the n, (JF¢ = 0-+)

e Hadron colliders produce states with all quantum numbers
— true for the 1977 FNAL experiment

e ... SO why was the Y discovered before the n,?
- [the n, eventually discovered in 2008 by BaBatr]



How to discover particles

e ... SO why was the Y discovered before the n,?

* It is not enough to produce particles, you also have to detect them
- l.e. trigger the event & separate signal from background

* A pp - bbX event looks very similar to any other QCD pp - ggX process (g = light
quark), except when

- leptons (especially muons) produced in decay [relevant in 1977 & still now]
— displaced vertex of b hadrons can be identified [relevant in modern experiments]

« Y decays to p+u- but n, does not (highly suppressed in SM)
* [e*e-- Y(4S) - BB at threshold and therefore very different to e+e- - qq]



Strengths of e*e~ & hadron colliders

* Sometimes said that hadron colliders are good for
discovery, e+e- for precision measurements

- Excessively simplistic

* Or, that ete- provides a clean (low background)
environment, while hadron collisions do not

— Also not true in general for b physics
* Nonetheless, they do have complementary strengths



e e —Y(4S) — BB | I pﬁ—}bZX pp — bbX I
(/s =2TeV) (s = 14TeV)

PEP-1I, KEKB Tevatron LHC

Production cross-section I nb ~ 100 ub ~ 500 ub
Typical bb rate 10Hz ~ 100kHz ~ 500kHz
Pile-up 0 1.7 0.5-20
b hadron mixture BTB™ (50%), B’B’ (50%) B (40%), B’ (40%), B’ (10%),

Ay (10%), others (< 1%)
b hadron boost small (By ~ 0.5) large (By ~ 100)
Underlying event BB pair alone Many additional particles
Production vertex Not reconstructed Reconstructed from many tracks
B'-B’ pair production  Coherent (from 1" (4S) decay) Incoherent

Flavour tagging power eD* ~ 30% eD* ~ 5%




How to design a B physics experiment?

* Depends on exactly what you want to measure

* Easier argument 20+ years ago for BaBar/Belle
- Single golden mode (B° - J/YKs to measure sin2f3)

* Today there are many observables we want to study
- e.g. anomalies showing up in places they were not expected

e Fortunately, general features (tracking, calorimetry + vertexing, particle ID)
give good sensitivity to most

- ... and also enable a great deal of additional (non-B) physics
- e.g. B physics experiments are also charm physics experiments
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The Cabibbo-Kobayashi-Maskawa
Quark Mixing Matrix

* A 3x3 unitary matrix

e Described by 4 real parameters — allows CP violation
- PDG (Chau-Keung) parametrisation: 8,,, 6,,, 8,,, 0

- Wolfenstein parametrisation: A, A, p,

* Highly predictive
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The Unitarity Triangle
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Predictive nature of KM mechanism

po— \m 4t EPJC41(2005) 1
In the Standard Model the S | <y
KM phase is the sole " /
origin of CP violation 't )!
Hence: L = [ Kz .
all measurements must o .V e
agree on the position of the oSt Maled /
apex of the Unitarity Triangle 4| sinza
(lllustration shown assumes no i 5 ,
experimental or theoretical s A @ © ® § 5 ¢
uncertainties) p "

Area of (all of) the Unitarity Triangle(s) IS given by the Jarlskog invariant



Decay-time-dependent CP violation in
the B°—B° system

* For a B meson known to be 1) B° or 2) Boat time t=0,
then at Iater time t:
[ (B, fep(t)) ot “(1_<sSm<Amt>_cCOS<Amt>>)
; (B~ fcp(t))oce [1+(Ssin(Amt)—Ccos(Amt))]

ﬁ “ - here assume Al negligible — will see full expressions later
AT - 2 _
; _230\) L _ 1PN 4A
“‘g“;f S— 5 C——2 ?\CP———
] _—Jer 1+[n2, 1+%, pA

B For B® — JY K, S = sin(2p), C=0

NPB 193 (1981) 85
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Categories of CP violation
* Consider decay of 4 <
neutral particle to a CP I \fcp
eigenstate ACP—EZ J, /

|%|7'f1 CPVviolation in mixing
A1
A

~[qA olation in interferenc

“lpA #0 N mixing and dec%
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Asymmetric B factory principle

To measure t require B meson to be moving
- e'e” at threshold with asymmetric collisions (Oddone)

| | T
electron |
(8GeV) | | \n:‘
> ——
pOSitron?‘ B —)—Vm _+[—)o o
(3.5GeV) B\\\*
| +
| Fop LS
Need good | ' ot ut Need good

vertexing AZ~200um particle ID 16




Asymmetric B Factories

PEPII at SLAC KEKB at KEK
9.0 GeV e on3.1GeVe' 8.0 GeV e on 3.5 GeV e’

PEP-1I
Rings ™

Positrons

Low Energy Ring
BaBARr Detector
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B factories — world record luminosities

2008/12/23 14.01

Offline+Online Luminosity (pb'l) (/day)
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World record luminosities (2) e
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BaBar Detector

EMC
6580 CsI(T1) crystals

Need good 1.5 T solenoid

particle 1D

DIRC (PID)
144 quartz bars
11000 PMs

Drift Chamber
40 stereo layers

Silicon Vertex Tracker
5 layers, double sided strips

Instrumented Flux Return
iron / RPCs (muon / neutral hadrons)

2/6 replaced by LST in 2004

Rest of replacement in 2006 Need good

vertexing
20




Need good Belle Detector Need good

particle ID particle ID
: Aerogel Cherenkov cnt.
S(lissTolenmd 3 n=1.015~1.030

CsI(T1) ;
16)(0 - I i : =
TOF counter .. /\ e

Need good K, detection
vertexing | -3 lyr. DSSD u L

- 4 lyr. since summer 2003 14/15 lyr. RPC+Fe

21



Particle ID with Cherenkov radiation

BaBar DIRC: quartz radiator (n = 1.473)

=
©

e
o

DIRC Cherenkov angle 6,
o
=

o
]

R

L

1]

Particle travelling above speed of light in
medium (with refractive index n) emits light
in cone with opening angle given by Thresholds also provide separation
cos 6_= 1/(Bn)
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Particle ID with Cherenkov radiation

BaBar DIRC: quartz radiator (n = 1.473)

TS tz 0
Quarntz A Detector 8 il
- . iy \\\\ / Surface g
N i ‘ >
tﬂ's‘ i W -*’rf % 0.6
n @ o
R 2
¥ QU O 04
T e <
Side View
Z G 0.2
T H . . 0 . " L
Particle travelling above speed of light in 1 . 3 R

medium (with refractive index n) emits light
in cone with opening angle given by Thresholds also provide separation

cos 0_= 1/(Bn)
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Results for the golden mode
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Asymmetry = (1-2w) sin(2[3) sin(AmAt)
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Compilation of results
sin(2) = sin(2¢,) [=rT

PRELIMINARY
BaBar ! _ : 0.69 + 0.03 £ 0.01
PRD 79 lgoogJ 1072009 ; T
BaB K. E . 0.69+0.52+0.04 +0.07
ReSUItS on PSD%ro lzno@; 112001 5 ’ —
i BaBar J/y (had K. : 1,56 +0.42 +0.21
preV| ous PRD 69 lz%éﬁogggcﬁ] . ; ; soass
. Belle ; : 5 0.67 +0.02 £ 0.01
Sllde PRL 108 (2012) 171802 ! Mo
ALEPH : o B 084792+ 0.16
PLB 492, 259 (2000) : T !
OPAL ! ; T i 3.20 180 4 0.50,
EPJ C5, 379 (1998) : : !
5RO 61 0?20&5 (2000) o 0795
NOte I—HCb g LHCb : ; L 0.76 + 0.03
. JHEP 11 (2017) 170 : :
aISO hlghly Belle5S : : Ny 0.57 £ 0.58 + 0.06
.. PRL 108 (2012} 171801 | o
Competltlve ﬁgﬂa e ; : ; 0.70 + 0.02
-2 1 0 1 2 3

World average sin(2(3) = 0.699 = 0.017
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A brief history of CP violation and Nobel Prizes

* 1964 — Discovery of CP violation in K° system  PRL13 (1964) 138 Lm&ﬂ

1973 — Kobayashi and Maskawa propose 3 generations ‘ J{:

Prog.Theor.Phys. 49 (1973) 652 o e

1980 — Nobel Prize to Cronin and Fitch

°
N
o
o
=

|
)
(0))
(@)
@)
<
(D
—
< )
@)
*
O
U
<.
S
QD
—*
@)
-
=
o

a
0))

<
0))
—
D
3

[
N
o
o
s
I
Z
O
o
D
U
—.
N
(D
—
o
A
B O
N O
D
F <
D
v
>
Q
-
o
Z
Q
n
]
Q
<
D

0.20}

At (ps)

Belle PRL 87 (2001) 091802 BABAR PRL 87 (2001) 091801



imaginary

Unitarity Trlangle today
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R  side from semileptonic decays

Parton level £ Hadron level :’
%
Vud Vub W vV B - 5
vV V* b - # B .% I
cd cb I/;b N ]'/:\ anGGG— - "_‘.,‘
u,c S -"1_:;?’:.i \

* Approaches:
- exclusive semileptonic B decays, e.g. B°— 11-e*v
* require knowledge of form factors (lattice QCD)
- Inclusive semileptonic B decays, e.g. B X e*v
* clean theory in principle

* but experimentally need to reject b — ¢ background
- re-introduce theoretical uncertainties

-
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|V | from exclusive semileptonic decays

Current best measurements use B° = 1T " v
(recent competitive measurement from LHCb with A_— ppv)

Belle experiment
PRD 83 (2011) 071101(R)

-t

N B >
AN
[

AB(q?)/AqR (2 GeV?)

o 1

=2 ]

N & o @
[TRTTTIT]T

CP

BaBar experiment
PRD 83 (2011) 052011
PRD 83 (2011) 032007

- LCSR 1
-~ FNAL/MILC % :
— — HPQCD

BK fit to data
- data

- 10 15 20 25

Unfolded o ey
V| = (3.0910.0810.12103

lattice uncertainty

% 3 o L e
Unfolded q° (GeV3/c?)
|Vub| — (3.4310.33)><10—3
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R side from B°-B° mixing
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(OF-SF/(OF+SF)

R side from B"- BO mlxmg

A Am, My fp h’ |
Re=lvvel & am, 2B TV
0.5 | cd ” cb | 7 E,J B, 1} i
0.4 E | e Tagged mixed
0.3 ; s ‘E{a o Tagged unmixed
0.2 - -:._ 400 ¢ & —— Fit mixed
o1 % : i U Fit unmixed
° =
5 s
-0.1 ++ E 200—
-0.2 _+_ - 3t
2 Am_=(0.5064 + 0.0019) ps™ i Am_= (17.768 + 0.023 + 0.006) ps 1% TN
-0.4 H
D | L L | L L L | L .
054 2 4 6 At as) 10 12 14 §] 1 2 3 4
: decay time [ps]
NJP 15 (2013) 053021
V!V = 0.216+0.001+0.011
A A
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How to measure B_ osclillations?

[First done by CDF, but excelled at by LHCD]

Produce B, mesons ... with a large boost
- high-energy hadron collisions

Measure their flight distance and momentum

— need excellent vertexing performance ° | > deciy time [ps]

Measure their flavour at production and decay
— Initial state flavour tagging (particle identification)
- final state such as D.-1t* ideal (no leptons!)

candidates /(0.1 ps)
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LHCb experiment

* In high energy collisions, bb pairs produced predomlnantly
In forward or backward directions :

 LHCDb Is a forward spectrometer

The LHCb Detector // ECAL HUAL
JINST 3 (2008) S08005
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Vertexing kills background

Comparison of (left) Belle and (right) LHCb signals for B° - D-1t*
Which is the “low background” environment?
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pp collision

B DO
decay decay




Particle ID kills other backgrounds

Comparison of (left) Belle and (right) LHCb signals for B° - rt1t*
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Tomorrow

* More key observables
— CP violation in decay: the CKM angle y
- CP violation in the B, system

- Rare decays: B, — p*p-, B K™+, B - K*wv
* Future B physics experiments

- Belle I
- LHCDb upgrades
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