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Outline

Part 1: Introduction to Flavour Physics
*  What is flavour physics & why is it interesting?
*  Brief history of discovery in flavour physics
*  CKM mechanism and Unitarity Triangle (UT)
* B-physics Experiments

Part 2: CP violation & CKM measurements (Triumphs of the SM)
*  Meson-antimeson oscillations
* Introduction to CP violation
*  Measurement of UT angles
*  Measurement of UT sides

Part 3: Search for New Physics
* Radiative Decays
* Tauonic Decays
*  Purely Leptonic Decays

Part 4: The future
e The future experiments

BND School, B physics & CP Violation Phillip URQUIJO 2 universitétbon.nl
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[Lesson from Flavour

® Unwise to assume ~10% (or even 0.1%) is ‘good enough’
with flavour

® 1962: "A special search at Dubna was carried out by E.
Okonov and his group. They did not find a single
KL to it - event among 600 decays into charged
particles (Anikira et al, JETP 1962). At that stage the
search was terminated by the administration of the Lab.

The group was unlucky."
-Lev Okun, "The Vacuum as Seen from Moscow"

® 1964: BF= 2 x 103, Cronin, Fitch et al. 1964.
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Need 50x more data > Next generation B-factories

Peak Luminosity Trends (e'e” collider) SuperKEKB
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Super

uest for BSM

Strategies for increasing luminosity O KEKB

Beam-beam parameter

Lorentz Beam current /
factor \ \ /
e ‘ \" s
y o. 4 LS IR Lumi. reduction factor
[ = 3 =11+ — : e (crossing angle)&
<t O, /i\- R. ~~__ Tune shift reduction factor
/4 (hour glass effect)
Classical electron 0.8- 1
radius % (short bunch)
Beam size ratio@IP Vertical beta function@I|P
1- - 2 % (flat beam)
(1) Smaller By*  <— “Nano-Beam” scheme
(2) Increase beam currents

(3) Increase xy
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Super

Machine design parameters KEKB

KEKB _

parameters = S units

Beam energy Eo 3.5 8 GeV

Half crossing angle () 11 mrad
Horizontal emittance Ex 18 24 nm
Emittance ratio K 0.88 0.66 %
Beta functions at IP | Bx /By’ 1200/5.9 mm
Beam currents b 1.64 1.19 A

beam-beam parameter Cy 0.129 0.090
Luminosity L 2.1 x 1034 m-2s-1

* Nano-beams and a factor of two more beam current to increase luminosity

* Large crossing angle
* Change beam energies to solve the problem of short lifetime for the LER

BND School, B physics & CP Violation Phillip URQUIJO 7 | mws,tr_itbﬂ
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New superconducting /
permanent final focusing
quads near the IP

New beam pipe
& bellows

Replace short dipoles
with longer ones (LER)

HH*HHﬁHH

Add / modify RF systems
for higher beam current

P_M_H_‘_"Mtu._f Low emittance positrons
to inject

Redesign the lattices of HER & M ”
LER to squeeze the emittance

Positron source

New positron target /
capture section

TiN-coated beam pipe Low emittance gun

with antechambers Low emittance electro
to inject

[NEG Pump)

To obtain x40 higher luminosity

- [Beam Channet)
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"" RN T All 100 4 m long dipole
B magnets have been
successfully installed in

-the low energy ring
(LER)!

Three magnets per day !
Total ~100

Installing the 4 m long LER dipole over the 6 m

long HER dipole (remains in place).

o g—
e
Ld

BND School, B physics & CP Violation Phillip URQUIJO 9 \,m\,.e,_s.t(,-tbon.nl

Thursday, 29 August 13




Need to build a new detector to handle higher backgrounds

Critical issues at L= 8 x 103%/cm?/sec

» Higher background ( x10-20)
- radiation damage and occupancy
- fake hits and pile-up noise in the EM
» Higher event rate ( x10)
- higher rate trigger, DAQ and computing
» Require special features
- low p u identification < suu recon. eff.
- hermeticity < v “reconstruction”

Have to employ and develop new
technologies to make such an

apparatus work!
9

[TDR published arXiv:1011.0352v1 [ghysics.ins-detjl
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Belle IT Detector

KL and muon detector:
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps , inner 2 barrel

EM Calorimeter:
CsI(Tl), waveform sampling (bai
Pure Csl + waveform sampling (

ation
on counter (barrel)
rogel RICH (fwd)

electrons (7G

7

Beryllium beam pipe

2cm diameter

Vertex Detector

positrons (4GeV)

Central Drift Chamber
He(50%):C2He(50%), small cells, long le
fast electronics

Mass & Flavour philipurQuyo 1 WY
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Vertex Region
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Cluster 5x5 (Mod10)(RunNo6615) |
Beam Pipe r=10mm 3000, NOSerEIN e
DEPFET " 213
Layer1 r=14mm 2500 1052 144
Layer 2 r=22mm . 1.737e404 + 188
DSSD 2000 - 2103:10
u 34.49 - 0.39
Layer 3 r= 38mm -
Layer 4 r= 80mm wec
Layer 5 r=115mm mo; m
Layer 6 r = 140mm C
500 —
of Geca
0 1500 2000
[ADC value)

DEPFET sensor: very good S/N

DEPFET pixel sensor
—\ B

|
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Barrel PID: Time of propagation (TOP) counter

K=
f Quartz bar
Array of
fast PMT’s
quartz bar
8 PMTs with read-out electronics
Mass & Flavour Phillip URQUIJO 14 vaer.sltazbﬂ
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TOP image

Pattern in the coordinate-time space (‘ring”) — different for kaons and pions.

0 20 40 60 80 100 120
coordinate

Excellent agreement between beam test data and MC simulated patterns.

Mass & Flavour philipurQuyo 15 . Y
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TOP VIEW
A E—— Barrel = “ B
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SVD: 4 DSSD lyrs = 2 DEPFET lyrs + 4 DSSD lyrs KLM
CDC: small cell, long lever arm i =0
ACC+TOF = TOP+A-RICH wrem| (W] [m]
: s =
ECL: waveform sampling (+pure Csl for endcaps) hragagters are preliminary [ —Tes
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SuperKEKB/Belle II schedule

Calendar 2010 2011 2012 2013 2014 2015 2016 2017
Japan FY 2010 2011 2012 2013 2014 2015 2016 2017
Mar. 2013 Jan. 2015

1
SuperKEKB cons$truction

[ Detector upgrade to Belle Il ]
i Belle Il roll in XD install
Belle roll out 1 CS install
Y —— :
KEKB | Dismantling KEKB ] l Accelerator tuning
_ . BEAST _ >
operation Fabrication and tests of ring components J AL
N : :
SuperKEKB operation
[ Install and set up
|
Electricity and
cooling facility
MR & DR
buildings
1
[ DR tunnel ]I
1
: U ded Li i
: ) : ) pgraded Linac operation
L -
[ inac | Linac upgrade / operation l1"or PF&PF-AR for SuperKEKB, PF, PF-AR
! 11/
I .
Mass & Flavour Phillip URQUIJO 17 versititbonn

Thursday, 29 August 13




SuperKEKB at the intensity frontier

70
> %0 Goal of Belle 11/SuperKEKB
() C
2 S ‘
5 af
5 :
4@ 30:—
2% 20f
o -
10— 9 months/year
C 20 days/month
35 o: I l 1 I i : : I P
x10° g Commissioning starts
> C .
= 6 in-early 2015.
S E Shutdown
€~ 4 for upgrade
= n 2'_ € >
XX N
8%-...1...|...|...|..,|.
2 S N2 2014 2016 2018 2020 2022
Calendar Year
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Advantages of B factories in the LHC era

Unique capabilities of B factories:

—>Exactly two B mesons produced
(at Y(49))

—>High flavour tagging efficiency

- Detection of gammas, 10s, K;s

—>Very clean detector environment (can BT — D'%

(— K~ wntn™)

observe decays with several neutrinos in the
final state!)

—->Well understood apparatus, with
known systematics, checked on control
channels

BND School, B physics & CP Violation Phillip URQUIJO 19
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LHCDb Upgrade

@LHC




LHCDb Upgrade

@® To fully exploit LHC potential for heavy flavour physics
will require an upgrade to LHCb

® full readout & trigger at 40 MHz to enable high L running
® “high L” = 10%3/cm?/s (independent of machine upgrade)
® planned for 2018 shutdown

® Physics case:
® “exploration” of 1st phase will become “precision studies”

® new opportunities for exploration open up (e.g. testing
consistency of CP violation in tree vs. loop processes)

BND School, B physics & CP Violation Phillip URQUIJO 21 b'oml
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LHCDb Trigger Upgrade

40 MHz bunch crossing rate

450 kH=z 400 kHz
ht u/up

[ Software High Level Trigger

Limitation is here

Introduce tracking/PID information,
find displaced tracks/vertices

Offline reconstruction tuned to
trigger time constraints

Mixture of exclusive and inclusive
\ selection algorithms

>

o O O

5 kHZ Rate to storage

2 kHz 2 kiz 1 kHz
Inclusive/

Inclusive ) Muon and
- logical Exclusive D
opologica Charm iMuon

BND School, B physics & CP Violation

Higher luminosity
. heed to cut harder at LO to maintain
rate at 1 MHz

— Efficiency loss

)

~
=
c
7
L 25| mqn
<
o
o
o
=3 2
[ -
w
>
215
l_

1

0.5
Already running here
0 L]
05 1 15 2 25 3 35 4 45 :
Luminosity (103§cm'gs"g

*Readout detector @ 40 MHz
*implement trigger fully in software!
Unique for LHC experiments

erun Linst up to 2E33 /cm2/s
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LHCDb Detector Upgrade

VELO Silicon Tracker Outer Tracker MUON
Si strips Si strips straw tubes :
P Sl allps e 1 almost compatible
Replace all Replace all Replace R/O
ECAL HT AL M M5
SPLVPS M3

Magnet RICHZ w1
"3

Calo
FMIs
Reduce PMT gain,
Replace R/O

RICH B Central Fiber Option
HFPDs fibers
Replace HPD, R/O MNew design and R/O

BND School, B physics & CP Violation Phillip URQUIJO 23 , miversitatbon'nl
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LHCb Upgrade Timeline

® 2011
® Letter of Intent: CERN-LHCC-2011-001
® 2012

® TDR: CERN-LHCC-2012-007
® Endorsed by LHCC and approved by CERN Research Board
® Features prominently in European Strategy for Particle Physics
® Physics: arXiv:1208.3355

® 2013
® Sub-detector TDRs

® 201417
® Final R&D, production and construction

® 2018 (Long Shutdown 2)
® Installation of upgraded LHCb detector (requires 18 months)

BND School, B physics & CP Violation Phillip URQUIJO 24

.,.'11\,':;{1-1‘.iﬁbonn|

Thursday, 29 August 13



Prospects




Complementary to LHCD

Observable

Expected th. | Expected exp. |

Facility

® Belle lI:

® Decays with neutrinos,
or multiple photons.

® “Inclusive” decays.

® LHCDb:

® Decays to all charged
particle final states.

| accuracy uncertainty
CKM matrix
[ Vel K = =tv] - 0.1% K -factory
Val |B - X 0| i 1%
Vsl [Bs — x| . 1l
sin(2¢y ) [FKS ses 8.10—3 /LHCh
& 1.5° |
& 3° LHCh
| CPV
S(B, - vo) " 0.01 LHCH
S(B, - &) e 0.05 LHCh
SiBy = oK) "e 0.05 /LHCh
S(Bs - n'K) san 0.02
S(B; - K*(— K2=")) 0.03 11
S(B, -+ é7)) 0.05 LHCh
S(By = ) 0.15
12, e 0.001 LHCh
1%, 0.001 LHCh
Acop(Bs— 87) 0.005 I
' rare decays
B(B — 1v) A 3%
B(B = Drv) 3%
B(By - pv) - 6%
B(B, — uu) e 10% LHCbH
zero of Agp(B — K upu) ** 0.05 LHCb
B(B - K'w) — 30%%
B(B - sv) 4%
B(B, = ) 0.25.10°¢ (with 5 ab=!)
B(IK - mw) - 105 K -factory
B(K - env)/B(K - pmv) e 0.1% K -factory
charm and 7
’ Bt = 1y) ey 3-10°7
q/pPlp 5en 0.03
| arglyg 'p\p gl 1.5°

BND School, B physics & CP Violation
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Need both LHCb and
super B factories to cover
all aspects of precision
flavour physics
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Preparing for the next Nobel Prize...

1964 Fitch and Cronin discover
CP violation (indirect CP in K)

1970 (K= pp)<T(K*— pv) Glashow-
lliopoulos—Maiani: No tree level
FCNC = Charm inferred

1987 Argus (DESY) B mixing
Ame = m: > my

i Toshihide Mas
Mass & Flavour

1973 CPV in K due to 3rd
generation: Kobayashi &
Maskawa (not a new force)

2002 BABAR/Belle establish
indirect CP violation in Bqg
mesons, confirming KM theory

Phllhp URQUUO 27 .,.Hl'u':fr‘_:lf.ifbo'n:lﬂ
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Wrap up 1/2

® Flavour physics offers interesting avenues to explore
the Standard Model and search for signals of New
Physics with a huge energy scale sensitivity!

® Data in remarkable agreement with the CKM mechanism

® But thats only a 5-10% agreement. New Physics must be
lurking beneath.

® Many unexplored aspects, and hints of discrepancies with
the SM are starting to show.

@ Existing hints about the New Physics flavour signature
suggest that only the combination of LHC and flavour
experiments will give us the key to solving the puzzles
of the Terascale

BND School, B physics & CP Violation Phillip URQUIJO 28 ,:.,.A.‘i.b.on‘,l
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Wrap up 2/2

® We still don't know:

® why there are so many fermions in the SM
® what causes the baryon asymmetry of the Universe

® where exactly the new physics is ...
... and what it's flavour structure is

® Prospects are good for progress in the next few years

® We need a continuing programme of flavour physics into
the 2020s

® complementary to the high-pT programme of the LHC

Mass & Flavour Phillip URQUIJO 29 .,”m,,i-_t!,‘
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End of Lectures




LHCb Upgrade: expected sensitivities

Tvpe Observable Current LHCh Upgrade Theory
precision 2018 (50fb~")  uncertainty
B! mixing 243, (BY = Jhy ¢) 0.10 [1] (0.025 (0.008 ~ (.003
24, (BY = Jfor fo(980)) 0.17 [10] 0.045 0.014 ~ 0.01
Ag(BY) 64x 1077 18] 06x1077 0.2x 1077 0.03x 1077
Gluonic 25 (BY = ¢¢) 0.17 0.03 (.02
penguin 238 (BY — KK 0.13 0.02 < .02
25 (BY = KY) 0.17 [19] 0.30 0.05 0.02
Right-handed 23 (BY — o) (.09 0.02 < (.01
currents T (BY = ¢7) /7o 5 % 1% 0.2%
Electroweak S3(B" =+ K*utp—:1 < ¢° < 6GeV?/c') 0.08 [11] 0.025 0.008 n.nz2
penguin so App(B” = K9t ) 25 % [14] 6% 2% 7%
A(K i1 < ¢ < 6GeVE ) 0.25 [15] 0.08 0.025 ~ 0.02
B(BY —+ arp ™ )/B(BY =+ K utu) 25 % [16] 8% 2.5 % ~ 10%
Higgs B(BY — pp) L5x10°] 05x107 016x10° 0.3x 1077
penguin B(BY — ptp=)/B(BY — ptp~) ~ 100% ~ 35 % ~ 5%
Unitarity v (B — D K+ ~ 10-12° [19, 20] 4° (0.9° negligible
triangle v (B! =+ D K) 11° 2.0° negligible
angles A(BY = J/y K 0.8 14 (.67 0.2° negligible
Charm Ar 23x 1077 [15] 040 x 107 0.07 x 1077
CP violation Adep 21x 1077 7] 065 = 1077 012 % 1077

Table 1: Statistical sensitivities of the LHCb upgrade to kev observables. For each observable the current sensitivity is
compared to that which will be achieved by LHCh before the upgrade, and that which will be achieved with 50fb™" by
the upgraded experiment. Svstematic uncertainties are expected to be non-negligible for the most precisely measured
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