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Flavour physics IT

DEFINITION: Flavour DEFINITION: Flavour physics

is a quantum number used to distinguish particles/fields el = . T .
that have the same gauge quantum numbers deals with interactions that distinguishes between flavours

In the SM: quarks and leptons come in three copies with the same colour In the SM: QED and QCD interactions do not distinguish between flavours,
representation and electric charge while the weak interactions (and the couplings to the Higgs field) do




Charged and neutral currents KIT
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Flavour changing charged currents
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CKM matrix V AT

d — u: Nuclear physics (superallowed 5 decays)

s — u: Kaon physics (KLOE, KTeV, NA62)

¢ — d, s: Charm physics (CLEO-c, Babar, Belle, BESIII)

b — u,cand t — d,s: B physics (Babar, Belle, CDF, DY, LHCb)
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CKM matrix V: Unitarity conditions IT

Vil + Vsl + Vel = 1
|Vcd‘2 T ‘VCS|2 T |Vcb|2 =1
Vid~ + Vil + Vol =1

Vid™ + Ve +Vil =1
Vsl + Vel + Vil =1
Vel + Vool +IViel =1
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VigVed +VisVes+VypVen = 0
ViaVia+VisVis+VipVio = 0
VeaVia+VesVis+VpVio = 0
V ud Vus +Vd Vcs + Vi Vts =0 o

Institut fur Experimentelle Teilchenphysik (ETP)



1.5

1.0

0.5

1= 0.0

38 Torben Ferber - B physics at Belle |l

| excluded area has CL > 0.95 |,
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Jargon KIT
® “Charge conjugation implied”

= We will only write down one specific charge (e.g. B+), but always mean the charge
conjugate as well (e.g. B-). Can become a bit messy with (anti-)neutrals.

® D™ and K* are excited mesons that immediately decay
= D+ = D+(2010), decays to D+r® or DOrt+
= DO = DO(2007), decays to DOr0 or DOy
= K = K0 =K"(892), decays to K+t or Komo

m KO js either a KOs (decays to mtmt+) or a Ko,
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Flavour anomaly 1: Charged current
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Flavour anomaly 1: Charged current IT
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Flavour anomaly 2: b—s@+¢- IT
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Flavour anomaly 2: b—s@+¢- IT

K= BB S Kfete )
_ BB = K'p )
flke = B(B — K*ete)

- B(Bs — ¢eTe)
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Flavour anomaly 2: b—s€*€- IT

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

BaBar
Q=g = 3T 17 Gel

Belle
1.0 < g° < 6.0 GeV?

LHCb 3 fb*
1.0 < ¢ < 6.0 GeV?

LHCb 5 fb™*
1.1 < g° < 6.0 GeV?

LHCb 9 fb!
1.1 < g° < 6.0 GeV?
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PENGUIN NOISE
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Flavour anomaly 2: b—s€*+¢-
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Flavour anomaly 2: b—s€*+¢-

1

d*T

dI'/dg? d cos 0, d cos O do dg? "~ 327 |4
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9 13 1
—(1—Fp) sin O + Fr cos® O + Z(l — Fy) sin® 0 i cos 26,

— F} cos® O cos 20, + S5 sin O sin® 0, cos 20 + 5S4 s1n 20 sin 260, cos ¢

+ S5 sin 20k sin 6y cos ¢ + Sg sin? O cos @, + S+ sin 20k sin @, sin O

+ Sg sin 20 sin 26, sin ¢ 4+ Sy sin® O sin? O, sin 2¢

Pi_y568= 24578
1=4,9,0, \/FL(l_FL)
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Flavour anomaly 2:
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Phys. Rev. Lett. 125, 011802
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Now what? AT

"B > Kup (only upper limits so far)

® Much harder experimentally, much smaller theory uncertainty, but angular analysis is limited
to Kaon...

" B —» KOt~ (only upper limits so far)

® Much harder experimentally...
h c(S)

@ Did we break the SM? (Very heavy) Leptoquarks? 10
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How to produce B-mesons? KIT

25
— Tfls) e I BB threshold - SuperKEKB
Q ; nominally operates
— 3 : at 10.58 GeV
= . Y (2S) r=sekev : collision energy
= 15 + -
T » | = ~9-12 GeV
T 10 ) T(SS) =20 keV : aCCGSSlble
b :
o Y T ~ | Y(4S) r-zowes | ® BsBs threshold at
% °T | At Y, . S 10.74 GeV (below
= Tt S Y(5S) resonance)
continuum background s
oL Ceer Qe s slaaammmanalecsisinnaan e | .
0.44 9.46 18.0010.02 ~10.34 10.37 ~ 10.54 10.58 10.62

e e~ Center-of-Mass Energy [GeV]
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SuperKEKB accelerator KIT

= Asymmetric ee collider —o o . o
83mrad @) O
= 4GeVer,7GeVe /s =1058GeV ~mw

®= | arge crossing angle: 83 mrad

positron ring

collision point

>
- -~ -

Belle-llldetector

®= Major upgrade to the accelerator with
30x the KEKB design luminosity (6x10°°
cm™@s’, 50 ab-! (50x Belle)) < %

~1.,¢r'~l‘£: =
N

P

electron ring ) TS

- electron—positron
& linear accelerator

= 1.5x higher beam currents, 20x smaller beam spot

® Record: 3.12x103* cm™s™' (June 22 2021)
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SuperKEKB accelerator SKIT

~ 100 nm

SuperKEKB goal:
50 nm vertical size
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Luminosity IT

Belle Il Online luminosity Exp: 7-22 - All runs
25 Integrated IUMINOSILY. .. Belle: ~1000 fb-1
mam Recorded Daily BaBar: ~500 fb-1
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Belle Il summer 2022: ~500 fb-1
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Belle Il Experiment SKIT

ﬂ(“. Software, Calibration

K. and muon detector (KLM):

Resistive Plate Counters (RPC) (outer barrel)
Scintillator + WLSF + MPPC (endcaps, inner barrel)

Electromagnetic calorimeter (ECL):

Csl(TI) crystals
waveform sampling (energy, time, pulse-shape)

Magnet:
— 1.5 T superconducting
e/e \
S e-
ﬂ(“. ML-based hardware trigger

ﬂ("' PXD silicon detectors

Trigger:

— Hardware: < 30 kHz

Vertex detectors (VXD): Software: < 10 kHz

2 layer DEPFET pixel detectors (PXD)
4 layer double-sided silicon strip detectors (SVD)

Particle Identification (PID):

Time-Of-Propagation counter (TOP) (barrel)
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

Central drift chamber (CDCQC):

He(50%):CoH¢ (50%), small cells,
fast electronics

DEPFET: depleted p-channel field-effect transistor

WLSF: wavelength-shifting fiber
MPPC: multi-pixel photon counter
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AT

Karlsruhe Institute of Technology

Trigger

events you like

events someone
else likes

events we can record

. all events
(30k per second)

\ (~10M per second)

events nobody likes

L
.. ——’
el N e
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No jets

muon chambers

clusters

|

KOs vertex
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Pile-up?
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High beam-induced bac

31

Central drift chamber
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kgrounds
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Particle identification: Leptons SKIT

Silicon strip detectors
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Particle identification: Leptons
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PartiC|e identificatiOn: LeptOnS Aerogel Ring-Imaging Cherenkov counter A\‘(IT
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Particle identification: Leptons SKIT

Electromagnetic calorimeter

Muon detector

20.0 F Belle Il Simulation | e Belle 1l Simulation particle gun (pr> 0.7 [GeV/c], 0.8 =0 < 2.2 [rad])
17.5 — p>1GeV/c U 1.4 ‘ e u* (ext. hits) 1.4 ‘ o m* (ext. hits)
. B /% 12} x  u* (matched hits) 1oL x  m* (matched hits)
> ! | n g 1.0F . 1.0 F
I i i * B e © o o
= 125 | K G 0.5 [ ’**’*a 0.8 [° ‘e,
U) [ b I X e I e, o
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Particle identification: Leptons

Electromagnetic calorimeter
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0.2<p<0.6GeV/c

Density

Density
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Particle identification: Leptons
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electron identification
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Particle identification: Hadrons T
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Why asymmetric collision energies? KIT

“tag side” (BR ~80%)
flavour eigenstate, i.e. a decay,
where B and B decay differently

B,

ag
-

1 (4S) “signal side” (BR~0.1%)
CP eigenstate
Brec

r UL
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Flavour tagging IT

. =0
Categories Targets for B Underlying decay modes
Electron e
Intermediate Electron er B = D"y
Muon [ L DY -t
Intermediate Muon 0t \_) -
Kinetic Lepton 2 Neutral B9: ~30 % efficiency
Intermediate Kinetic Lepton A B0 pt
Kaon K .
Ko i [ L, KOy, 0t Charged B+: ~40 % efficiency
- ] 0
Slow Pion T
Maximum p* v, B” = AL X~
Fast-Slow-Correlated (FSC) e, L, A 7f
Fast Hadron L Do
Lambda A

https://arxiv.org/abs/2110.00790
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Tag-side reconstruction SKIT
lag side
L e
o+ 4

VY

ignal si

e Signhal side
B — Kuvp
B — D*tv
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Tag-side reconstruction: Full Event Interpretation SKIT

VO objects KLMClusters ECLClusters

Ble(
10108)8(]

-

e = 0.5-2%

42 Torben Ferber - B physics at Belle |l Institut fur Experimentelle Teilchenphysik (ETP)



PENGUIN NOISE
GENERATOR PENGIUN

OPTICS

COFFEE
INTAKE

FLIGHT
SNITCH

ON”

PENGUIN
THUMB

COFFEE
PROCESSING
PLANT

PENGUIN
ENGINE

43 Torben Ferber - B physics at Belle |l Institut fur Experimentelle Teilchenphysik (ETP)



Lifetime: Standard model T
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Lifetime: Prompt decays
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events

SM backgrounds high

Efficiencies high
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Lifetime: Displaced decays

events

Particle decays after |SM backgrounds low(er)
a few cm (long-lived)

Efficiencies low(er)
typically 1 < r< 60 cm

By
=,
B,
By
Dy .
) ]
=
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Lifetime: Invisible decays
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events
/
7/

Particle decays after
a few m (invisible)

SM and efficiencies
very analysis
dependent

typically r > 150 cm
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=
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events
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Lifetime
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Long-lived particles (LLPs) IT
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® Vertex reconstruction efficiency
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B_) KS J/Lp (—£+0) $(II

( KOs (—Tt+1T") ) (—2+0)

101 N ——
= Standard model ‘
background very small for
significant (>0.5cm) 1072
displacement

T T T T TT1IT]

= \ery optimistic assumptions o ¢
in pheno studies... :

1074¢

HL-LHCb

__production rate

IO"SE .|,.,,|,,..|....|l..3

1 2 3 4
ms [GeV]

A. Filimonova, R. Schéafer, S. Westhoff, Phys. Rev. D 101, 095006 (2020)
A. Kachanovich, U. Nierste, I. NiSandzic¢, Eur.Phys.J.C 80 (2020)
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Effect of longer lifetime: It is difficult!

Karlsruhe Institute of Technology

performance
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This is just the beginning...
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Upgrade

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

Subdector  Function upgrade idea time scale

PXD Vertex Detector 2 layer installation short-term
new DEPFET medium-term

SVD Vertex Detector thin, double-sided strips, w/ new frontend medium-term

PXD+4+SVD Vertex Detector

all-pixels: SOI sensors
all-pixels: DMAPS CMOS sensors

medium-term
medium-term

CDC Tracking upgrade front end electronics short /medium-term
replace inner part with silicon medium/long term
replace with TPC w/ MPGD readout long-term

TOP PID, barrel Replace conventional MCP-PMTs short-term
Replace not-life-extended ALD MCP-PMTs medium-term
STOPGAP TOF and timing detector long-term

ARICH PID, forward replace HAPD with Silicon PhotoMultipliers long-term
replace HAPD with Large Area Picosecond Photodetectors long-term

ECL v, e ID add pre-shower detector in front of ECL long-term
Replace ECL PiN diodes with APDs long-term
Replace CsI(T1) with pure CsI crystals long-term

KLM K, 11D replace 13 barrel layers of legacy RPCs with scintillators medium /long-term
on-detector upgraded scintillator readout medium/long-term
timing upgrade for K-long momentum measurement medium /long-term

Trigger firmware improvements continuos

DAQ PClIed40 readout upgrade ongoing

add 1300-1900 cores to HLT

short /medium-term
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Dark Photons
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~ weaker limits because
ALPs are longer lived
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T. Blake et al, Prog.Part.Nucl.Phys. 92 (2017)
BaBar collaboration, Phys. Rev. D 87, 112005 (2013) “(IT
B—Kvv =

Belle Il collaboration, Phys. Rev. Lett. 127, 181802 (2021)  «arsruhernst tute of Technology

®= Branching rate prediction:
BR=(4.6+0.5)x10-6

u—»p u
- u, c, t _
bh —< ) & S

m So far, only upper limits measured using
fully reconstructed Btag (€~0.04-0.2 %):
BR < 1.6x10-% (90 % CL) with 424 fb-

oo

fraction of events
N ®))
1 I 1 1

N
. I I I I I I I I

® Belle |l used a “inclusive tag” and several |
boosted decision trees (e=4.3 %): 0

0 0.2 0.4 0.6 08 1.0

BR < 4.1x105 (90 % CL) with 63 fb-" cphericity
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SuperKEKB parameters SKIT

LER/HER KEKB SuperKEKB  Effect
Energy [GeV] 3.5/8 4.0/7.0 boost x 2/3

Crossing angle 2¢x [mrad] 22 83

By* [mm] 5.9/5.9 0.27/0.30 L x 20
I+ [A] 1.64/1.19 2.8/2.0 Lx~1.5
€y = Oy x Oy’ [pm] 140 /140 13/16
Cy~ (By/ey)12 /6™« 0.129/0.09 0.09/0.09 L x1

Luminosity [10**cm™@s™] 2.1 60 L x 30
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Backup g-2 IT

T. Aoyama et al. (2020). Phys. Rept., 887:1-166
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Csl and Csi(TIl) pulse-shape discrimination
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