Flavour lectures

Accompanying slides
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1999-2010 (11 yrs)
Data collected at Y
(4S) (bb) @
10.58GeV

771M BB pairs (+/-,
0) produced approx.
at rest

Some data collected
at Y'(5S) for Bs
studies



Flavour physics experiments - Belle

Determination of gamma from Belle only
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Nature of tetraquark remains
unknown : D% D % molecule?


http://www.utfit.org/foswiki/pub/UTfit/Old/summer2006/gamma/belle/ckm-gamma-belle.html
https://arxiv.org/abs/hep-ex/0309032

Flavour physics experiments - BaBar

1999-2008 (9 yrs)
Data collected at Y'(4S)
pairs

=> 384M BB

SLAC/LBL/LLNL
SLAC-Based B Factory:
PEP-11 and BABAR

Low Energy Ring
(new)

BABAR Detector

Electron
Gun

Asymmetric
e*-e” collider
called PEP-II

High Energy Ring at SLAC

(upgrade of existing ring)

Both Rings Housed in Current PEP Tunnel




Flavour physics experiments - BaBar

Excess of tauonic
semi-leptonic B decays
over l= e/mu, R(D®")
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https://arxiv.org/pdf/0807.1086.pdf
https://arxiv.org/pdf/1205.5442.pdf

1979-2008 (29 yrs)
e Symmetric e’™-e
collider called
CESR at Cornell
L e, University
A Personal History of e C(Collisions at
CESR :: CLEO 3.5-12GeV for b-
el e and c- physics
(CLEO-c)

Karl Berkelman



Flavour physics experiments - CLEO(-c)
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Key charm input for CPV
measurements Discovered 13 new

Charm baryons



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.44.1108
https://arxiv.org/pdf/1010.2817.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.71.674

ics experiments - LHCb (U0)

Flavour phys

2018 (7 yrs) :
Collisions from symmetric p-p collider called =

C
Collisions at 7-

2011
LH

13.6 TeV



Flavour physics experiments - LHCb
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4o precision

sol.wi cos 25 <0
(excl. at CL > 0.95)

First observation of CPV in Charm mesons and

vy later in baryons

54, 0n gamma

excluded area has CL > 0.95]
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https://www.nikhef.nl/~pkoppenb/particles.html
https://arxiv.org/pdf/2503.16954
https://arxiv.org/abs/2104.04421

Quantity Notation

Position
Momentum (Vector) 7
Spin (Axial Vector)
Helicity

Electric Field

Magnetic Field

Magnetic Dipole Moment
Electric Dipole Moment

Transverse Polarization

Table 2 Discrete symmetries and fermionic currents. Here y and y represent fermion fields.

Current P C CPT

Yx R Xy Xy
—Yysx ¥ Xys¥ “XYs¥
Yyuwx XYY XYy

—YyuYsx ) XYuYsy “XVuYs¥
Yoy =X o X oY




SM puzzles

V3

“}

Quark and lepton masses span 12 orders
of magnitude

CKM matrix for the quark sector

PMNS matrix for the neutrino sector
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Flavour multiplets - SU(3) mesons

Pseudoscalar mesons of spin-0 form a nonet Vector mesons of spin-1 form a nonet




Flavour multiplets - SU(3) baryons

Combinations of three u, d or s quarks with a spin-3/2 Combinations of three u, d or s quarks with a spin-1/2
form the uds baryon decuplet form the uds baryon octet




M. Kenzie

Charm discovery

EW LETTERS 2 DECEMBER 197«

80

» Experimental evidence for the charm quark came 242 Events-|

in 1974 SPECTROMETER

At normal current

» Discovery of charmonium (J) at Brookhaven in = el

pBe —» ete™ X
» Discovery of charmonium (7)) at SLAC in
ete” — (hadrons),ete”, utpu~

EVENTS /25 MeV

3.25
Mg+~ [Gev]
7IG. 2. Mass spectrum showing the existence of J.
sults from two spectrometer settings are plotted
»wing that the peak is independent of spectrometer

'rents. The run at reduced current was taken two
nths later than the normal run,


https://www.hep.phy.cam.ac.uk/~mkenzie/teaching/flavour/lecture1.pdf

Dalitz plots

K*(892) (J P=1") Q)
K* andn in
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Cronin and Fitch experiment - GPV in Kaons

Essential idea: Look for (CP violating)
K, > nin decays 20 meters away from
K® production point

Decay of K, into 3 pions
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If you detect two of the three pions
of a K, 2> nnn decay they will generally

not point along the beam line

K,=K

Essential idea: Look for K, > nx decays
20 meters away from K9 production point

Decay pions
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If K, decays into two pions instead of

three both the reconstructed direction

should be exactly along the beamline
(conservation of momentum in K, > nx decay)



https://www.nikhef.nl/~h71/Lectures/2020/lecture6-slides.pdf

Cronin and Fitch experiment - GPV in Kaons

Essential idea: Look for K, - nw decays
20 meters away from K9 production point

Decay pions
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» CP violation, because K, (CP=-1) | note scale: 99.99% of K >xxx decays
changed into K, (CP=+1) are left of plot boundary



https://www.nikhef.nl/~h71/Lectures/2020/lecture6-slides.pdf

Beauty and Top observation

» Kobayashi and Maskawa's matrix and mechanism for CP violation predicted the
existence of a third generation
» The YT (bb) resonance was discovered at Fermilab in 1977

» The top wasn't discovered until 1995 at the CDF and DO experiments
Y discovery at E288 Top discovery at CDF
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https://www.hep.phy.cam.ac.uk/~mkenzie/teaching/flavour/lecture1.pdf

CKM higher orders

—sA%(1+44?) 0
LAM(1 = 2(p+in)) —LA2)

e Phasein |V, | is only apparent at O(A*)
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M. Kenzie

Neutral meson oscillation

Mixing Probability
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https://www.hep.phy.cam.ac.uk/~mkenzie/teaching/flavour/lecture1.pdf

Neutral meson oscillation

» Mass and width differences of the neutral meson mixing systems

M. Kenzie
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https://www.hep.phy.cam.ac.uk/~mkenzie/teaching/flavour/lecture1.pdf

Master equations

The “master equations” for neutral meson decays

e—Ft

Txoos®) =477 (1+MD%

[cosh(%AI‘t) + Cy cos(Amt)

+ Dy sinh(5Al't) — Sy sin(Amt)]

2 Tt

Lgo_,(8) = |Af|? g (1+ |)\f|2)e 5 [cosh(%AI‘t) — Cy cos(Amt)

+ Dy sinh(LATt) + Sy sin(Amt)]

2 . e—rt
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Stolen from M. Kenzie



https://www.hep.phy.cam.ac.uk/~mkenzie/teaching/flavour/lecture1.pdf

Vub measurements

CLEO (E)
422+049+029-0.34
BELLE sim. ann. (mx, q?)
451+047+027-0.29
BELLE (Ee)
4.93+046+026-0.29
BABAR (E )
44140124027
BABAR (E , s™)
471+032+033-0.38
BELLE m, ¢* fit, (E>1)
4.05+0.23 +0.18 -0.20
BABAR (m,<1.55)
424 +0.19+025
BABAR (mx<1 7))
403+022+0.22
BABAR (m <17, q>8)
432+023+0.26-0.28
BABAR (P*<0.66)
409 +£0.25+0.25
BABAR (p*>1GeV)
433+024+0.19-0.21
BABAR (p*>1.3GeV)
434+027+020-021
Average +/- exp + th. - th.
428 +0.13+0.20-0.21
Ezldof =16.0/11 (CL = 14.0Q %)
osch, Lange, Neubert and Paz (BLNP)
Phys.}iev.DEIZ:onooe,zoos

2

0 -+ 6 J
dB(B"— m | v,)/dq2 [10° GeV?

IV, I=[3.67 +0.09 (exp) + 0.12 (theo) ] x 10°

Fit prob.: 47%

—+— Average Belle + BaBar I

= BCL fit (3 + 1 parameter) bl
Data & LQCD (FLAG) & LCSR|

_+_



https://inspirehep.net/literature/2100284

Vub measurements

Exclusive IV |
Exclusive IV |
IV IV,

- HFLAV Average

sz = 1.0 contours

Inclusive
IV, l: GGOU

IV I: global fit
~330 |

HFLAV
P(x?) =8.9%

HFLAV
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https://inspirehep.net/literature/2100284

LHCb GLW measurements
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https://arxiv.org/pdf/2012.09903.pdf

BPGGSZ method

0.5 1.0 1.5 2.0
m2 (GeV2/c?)

Expected number of BT (B~) events in bin i

Ni; =hp+ [Fq:i + (@8 +y3)Fe + 2y FiF_i(zrcei — y+8ii)]

Ny, =hp- [Fii + (22 +y2)Fyi + 2/ FiF_i(z—cxi — y_sii)]

26



CKM progress

Before B-
factories and
LHC

Tevatron
and B
factories

excluded area has CL > 0.95

ICHEP 10

LHC
inclusion

€k

sol. w/cos 26 <0
(excl. at CL > 0.95)
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CKM progress

Before B-
factories and
LHC

LHC

inclusion

excluded area has CL>0.95 |

LHC
inclusion

€k

sol. w/'cos 28 <0
(excl..at CL > 0.95)
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CKM progress

Before B-
factories and
LHC

LHC

inclusion

excluded area has CL>0.95

| |Hr

Summer 19

LHC
inclusion

€k

sol. w/cos 2B <0
(excl. at CL> 0.95)
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CKM progress

Comparison between CP-conserving (lengths of sides) and CP-violating (angles)
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Cosmological QCD electroweak GUT Planck
constant scale scale scale mass

1072Gev 107 107 107! 10° 107 10"

Fig. 1: The distribution of masses of the elementary particles, along with some of the relevant energy scales. The
absolute values of neutrino masses are not known - their placement on the graph is indicative of the upper bound.

Name i Dimension

Dragons

Gluons

Weak SU(2) bosons
Hypercharge boson
Quark doublets
Up-type anti-quarks

Down-type anti-quarks

Lepton doublets
Charged anti-leptons
Higgs field




i € C*, Lorentz Rep. (3,0)®(0,7) Dirac Lagrangian Dirac Equation

L=1(iéd —m)y (id—my =0
Physicist’s Notation: L= 1/)1')/0(1')’“8# - m)ll’ (i}’“au - m)ll’ =0
d d
L= YOty ol =0

3 4 4 4 4 4 3 4
Explicit Summation: L= lzzzz aYoabY,bcax mzz¢2}'oab% lzz Y,ab a Yo =0

j=0a=1b=1c=1 a=1b=1

j=0b=1
2 ; a 0 0 0 a d d a
Vector-Matrix Notation: £=ipt aif+ ivtyn a—w +ivtyry aw +ivtyn a—w -myplyy ivo ;p +in - 5 iV 5 bt iy X mp=0
x t dx dy 0z
d d
=i —— P +l¢3&+¢3&+ i3 —o— s 6w3+ .2} aw4+1—¢—3-—-mzp =0
ot ox dy 9z ot | ax | ady az 1
FU”y Expanded: + i w '4’4+ u, %_w %_ '4’ 61{J4 _31[)4 .a¢3 31,03 .a¢4 -
chiral representation: 46612 ¥ gw . 5912’ 2 gi ‘9 Toar Oy Cae TS g
0 I 122 : 1 Oy a‘l’z 9y, 9y
0 — + aE —_— ] — —— —_— =
y0 = (1 0)' iy ——= a?p — iy a‘?jf Py alz, ity s aaé g By B my; =0
; 0 o 1 1 oY, oY, oY, oY, oY,
I 1 +u,b——up —+1.b—+1,b iy, Sabagly Soosupegls Slbaw =

—m(P3y + sy s + i)


https://physicstravelguide.com/equations/dirac_equation#tab__concrete

Resources

Matt Kenzie flavour lectures and a reading list

https://www.hep.phy.cam.ac.uk/~mkenzie/teaching/flavour/
https://www.hep.phy.cam.ac.uk/~mkenzie/teaching/flavour/reading.pdf
Niels Tuning flavour lectures
https://www.nikhef.nl/~h71/Iectures/2020/ppll-cpviolation-14022020.pdf
Sophie Renner Implications workshop lectures on EFTs

https://indico.cern.ch/event/1330361/contributions/

More on SMEFT

https://link springer.com/content/pdf/10.1140/epjc/s10052-023-11821-3.pdf
https://indico.in2p3 fr/event/22195/contributions/86017/attachments/59873/81148 /eftlectures.pdf
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https://www.hep.phy.cam.ac.uk/~mkenzie/teaching/flavour/
https://www.hep.phy.cam.ac.uk/~mkenzie/teaching/flavour/reading.pdf
https://www.nikhef.nl/~h71/Lectures/2020/ppII-cpviolation-14022020.pdf
https://indico.cern.ch/event/1330361/contributions/
https://link.springer.com/content/pdf/10.1140/epjc/s10052-023-11821-3.pdf
https://indico.in2p3.fr/event/22195/contributions/86017/attachments/59873/81148/eftlectures.pdf

