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My (almost) flavour timeline

1995-1999 Univ. of Oxford - PhD on not so tasty W/Z physics with Delphi
at LEP

1999-2002 Univ. of Oxford/CERN - post-doc/fellow on R&D for LHCb
RICH and vertex detector

2002-2005 SLAC - post-doc BaBar RICH and physics

2005-2009 Univ. of Oxford — faculty on LHCb building RICH and physics
preparation, plus CLEO-c (charm factory)

2009-2024 Indian Institute of Technology Madras — faculty on Belle (ll),
CLEO-c and BESIII (another charm factory) - mainly analysis and
Belle |l vertex detector

2023-2025 - physics coordinator of Belle || - some bias may appear
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Beets and Leeks
signature dish of
‘The French Laundry’ in
the nearby Napa Valley

Precision flavour
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hings lead to -
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Lecture plan

* A brief introduction to flavour

* Cabibbo-Kobayashi-Maskawa quark-mixing matrix

* Main experimental players: Belle Il and LHCDb

* Casestudy 1:V

 Case study 2: y — CP violating phase € HALFTIME somewhere here
* Beyond the b quark: charm physics

* Case study 3: CP violation in D mesons

* Beyond the quarks: tau physics

* Case study 4: lepton-flavour universality and tau mass

e Outlook
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Flavour — the essence

* QED and QCD parts of the standard model don’t care whether a
quarkisu,d,c,s,torb
* QED doesn’t care whether a lepton is tau, muon or electron

* But their masses are different, so the Higgs (Yukawa) part of the
SM does care

* With electroweak symmetry breaking this leads to the weak basis of
quarks not necessarily aligning with the mass basis

 Cabbibo-Kobayashi-Maskawa (CKM) mixing matrix

* Flavour physics is the study of interactions that distinguish
between flavour

* We will begin with the quark sector
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Why flavour? History of discovery

* Particle zoo of mesons and
baryons discovered in 1950s
and early 1960s lead to the
quark model

*up(uw
* down (d) _
* strange (S) S 1 W
* An allowed but rare decay such ] +
K (sd)— p" u

was predicted but not seen!
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Why flavour? history of discovery
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f) Glashow
lliopoulos
Maiani
Phys. Rev. D 2, 1285 (1970)
m,~ 3 my

Such rare virtual processes
tell you about higher
energy particles
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CKM matrix "y 1

d I/us I/ub
. . . (I/l & t) I/cd I/cs I/cb S
* Two by two mixing matrix
Va Vs Vi

S

proposed by Cabibbo i » J\O)

* Kobayashi-Maskawa
proposed third generation
to explain observed CP
violation by Cronin and Fitch

Relative magnitude of elements

* 3 x 3 unitary complex matrix O

* 4 parameters
* 3 mixing angle and m O

* Intergenerational coupling
disfavoured

Responsible for
CP violation
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Visualising CP violation: the unitarity triangle

1)/ 1_/12/2 1 A;L3(p—l77)\ A=sinf,. = 0.22
—A 1-2%/2 A2* ||+ 0(AY)
Za 1-(p—in)|| -4 1 /

2) Exploit unitarity (15t and 3™ col.) VMV;} + Vch; + thVtZ =0

3)
VuaVay ViaVii ¢ =p

Each side
prop to A3

P VA -
T,- ,mTI ch physics - Jim LIDD y 10



CKM/Unitarity triangle measurements
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Today the goal is over constraint — loop sensitivity
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Today the goal is over constraint — loop sensitivity
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Why asymmetric e*e™ at Y(4S)?

3 Coherent

 Yas) Y(45) . signal

SF on_resonance evolution B |
= "Here be B" _ I
z <L e (7 GeV) [
B off-resonance > I
:ﬂ:‘ Y(28) "B free zone" I
10k i} |
¢ Y(3%) :
: st t U \ : :
o " Enm.i.nuum i:uackgmﬁl.mci | |
044 946 10001002 ’1034 1037 " 1054 1038 1062 I I

e"e” Center-of-Mass Energy [Gj-.'] @( )\y

* Y(4S) - cross section of BB one quarter of Az~150 wm

continuum: ete™ - qq,q = u,d,s,c

* e'e” - constrained kinematics and no other * Asymmetric - boosted Bs to allow
-c measurements of time-dependent CP
particles at threshold

violation
* Excellent neutral and missing four-momentum : :
reconstruction * Tagging power increased by quantum

* Fullevent reconstruction — hadronic B tagging coherent production from Y(43)
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The protagonists

BELLE

SLAC - PEP Il collider KEK - KEKB collider
462 fb~1at Y(4S) [1999-2008] 711 fb~1at Y(4S) [1999-2010]

1st generation B factory

Precision flavour physics - Jim Libby

15



The protagonists

2nd generation B factory

KEK - Super KEKB collider
450 fb~! at Y(4S) [2019-2024+]

364 fb~1or less used for results

SLAC - PEP Il collider
462 b1 at Y(4S) [1999-2008]

KEK — KEKB collider
711 fb1at Y(4S) [1999-2010]

presented here

1st generation B factory
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Belle ll

EM Calorimeter
Csl(T1), waveform sampling electronics

—

—
S
e

electrons (7 GeV) et

Vertex Detector
2 layers Si Pixels (DEPFET) + P
4 layers Si double sided strip DSSD

Central Drift Chamber

Smaller cell size, long lever arm

KL and muon detector
Resistive Plate Counter (barrel outer layers)

Scintillator + WLSF + MPPC
(end-caps , inner 2 barrel layers)

"l

Belle Il TDR, arXiv:1011.0352

Particle ldentification

Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

\

positrons (4 GeV)

DD

</[O

Belle II

Key advantages
Hermiticity

Known initial state kinematics, i.e.,
good missing momentum resolution

Full event reconstruction

Similar electron and muon
identification efficiencies

Disadvantage: sample size

Luminosity goal 30x
(instantaneous) and 50x
(integrated) that of KEKB/Belle

17



LHCDb in a slide

* 13 TeV pp collisions
trillion bb/2 fb™
6fb'@ 13 TeV
+3fb 1@ 7/8 TeV
Run 3 started 2023

* upgraded detector

* Forward geometry gets both b
quarks in acceptance and boosted

exploit b lifetime to separate
background

* RICHes for 77K separation
* Full trigger bandwidth for B physics

Precision flavour physics - Jim Libby

S 10m 15m 20m

LHCb Event Display

BTN
vend [1T989TE6E B ] 140
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Complementary competition (oxymoron?)

opp (nb) ~150,000 ~1
[Ldt (fb™1) ~25 ~50,000
Background level Very high Low
Typical efficiency Low High
7%, K reconstruction Inefficient Efficient
Initial state Not well known Well known
Decay-time resolution Excellent Very good
Collision spot size Large Tiny
Heavy bottom hadrons Bs, B, b-baryons Partly B
T physics capability Limited Excellent
B-flavor tagging efficiency 3.5-6% 36%

Precision flavour physics - Jim Libby 19



Complementary competition (oxymoron?)

gpp (nb) ~150,000 ~1
JLdt (fb™h) B ~25 ~50,000
Background level Very high Low
Typical effﬁency Low - High
n°, K reconstruction Inefficient Efficient
Initial state Not well known Well known z
Decay-time resolution Excellent Very goo
Collision spot size Large Tiny
Heavy bottom hadrons Bs, B, b-baryons Partly By
T physics capability Limited Excellent
B-flavor tagging efficiency 3.5-6% 36%
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Case study 1: V_,

FixV_,~0.04 first then V ,~0.004
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|Vqol: three different ways

i.e. final states can strongly interact

c
i)
. D
. _
54
o

+ multiple diagrams

D
, Experimentally Eas Xclu
o > P Yy y T
A hadronic states with
. a charm or up quark
1) Hadronic decays
3) Semi-leptonic  — theory doable,
decays experimentally doable
Theory Hard » Theory Easy
b D,
No one cares what B
is in this corner :-) | 2) Leptonic decays .
u
Experimentally Hard
Precision flavour physics - Jim Libby 22
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https://indico.belle2.org/event/9402/contributions/66272/

Inclusive vs. exclusive - X, is exclusively reconstructed
as D, D% r, etc
BF o |Vgp|*f(q%)?
* f(g?) is a form factor that describes
/- the hadronic transition of B meson
to exclusively reconstructed hadron
— depends on invariant mass of
leptons g2
* Calculated from lattice QCD or
parameterized in fit to data

X, * X, is not fully reconstructed -
i this is inclusive — quark-hadron
T duality (a little more later)

B= |V |T(b— qling) +1/mep +as+...

Precision flavour physics - Jim Libby 23



Exclusive: untagged or tagged

+ Very high efficiency

+ Measurement of absolute branching
fractions straightforward
(depends on total # of N, understanding efficiencies)

Other B Signal B

'T+

L{b‘htagged

D/D*/D**

- Less experimental control, e.g. more background
frometet = gg

- Cannot directly access signal B rest frame,
need tricks

7Y

Signal side + High degree of experimental control,
e.g. can identify all final state particles with either the
signal or the tag side

+ If hadronic modes for tagging are used, can
reconstruct B rest frame

f-!-—

DI D*[D*%*

- Understanding efficiencies is difficult
- Low efficiency reduces the effective

statistical power
Psig = Pe+e- — Prag

Precision flavour physics - Jim Libby

Absolute BF
from here

\ 4

Angular
analysis to better
constrain theory
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Untagde example — Belle II https://arxiv.org/abs/2310.01170

D e
[ *
el L
use Only Branching l‘spm conngumhon:
( \ cleanest mode  fracion ~ /  \ TE=======°"
o DO D 70 BB
B
D~ !
Untagged 9% Ktrnn E
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Vy ) .':,
- y
\ pJ -
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O cnl - s []onmseonsncs |
Lﬁ l:loll aaaaaaa ol

e Statistics not an issue

* Beating down background

: P |
helps systematics 05 115 2 25 3 35 4
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https://arxiv.org/abs/2310.01170

v
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Reconstruct ROE
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Sighal extraction

103 entries / bin

20.0

15,0

10.0

CcOS G‘E.D*f —

Belle Il

[rdt=189fb"

WL

cos Oy

Signal
True D* background

B°sD"te v,

Fake D" background

Data
MC unc,

,
2EgE ., — mj — mpy,

2 pglIpPp,|

10? entries / bin

Fit in bins of angles and g?and sum partial rates -
accounts for variable efficiency and can be
unfolded to account for resolution

35.0

L
=
[ ]

M
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P
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—
ol
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Belle Il [ dt=189 b
- AM = My — Mp &~0" e
«—— Signal

o= DK putecas

PR T T (T T T TN T T TN ST (N T T NN TN T S (N S W
0142 0.144 0.146 0148 0150 0,152 0.154 0,156

AM [GeV/c?]

PDG masses give Am = 145 MeV

Precision flavour physics - Jim Libby
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Systematic uncertainties |

TABLE XI. Fractional uncertainties (in %) of the partial decay rate in each bin for the B — D*"e™p, decay.

Simulated  Signal Background Lepton ID Slow-pion Tracking B(D*— B(D'-  B"

Variable Bin Statistical sample size modeling substraction efficiency efficiency of K, 7, & Ngz [f.n Dn) Krx) lifetime
cos#, [-1.00,-0.40) 1.40 3.96 1.99 0.53 0.90 1.52 1252 [ 0.74 0.76 0.26
[—0.40, -0.20) 1.02 3.08 1.44 0.62 0.90 1.52 1252 [ (0.74 0.76 0.26
(—0.20,0.00) 0.80 1.23 1.18 0.58 0.90 1.52 1252 [ (0.74 0.76 0.26

[0.00, 0.20) 0.62 0.66 0.97 0.56 0.90 1.52 1252 [ (0.74 0.76 0.26

[0.20, 0.40) 0.61 0.66 0.91 0.62 0.90 1.52 1252 [ 0.74 0.76 0.26

[0.40, 0.60) 0.54 0.59 (.93 0.64 0.90 1.52 1252 [ 0.74 0.76 0.26

[0.60, 0.80) 0.58 0.76 0.95 0.46 0.90 1.52 1252 [ 0.74 0.76 0.26

[0.80, 1.00) 0.68 0.81 1.10 0.30 0.90 1.52 1252 [ 0.74 0.76 0.26

* Systematically dominated —the true heart of precision

* Slow pion efficiency — correct for any disagreement between
simulation and data in their reconstruction efficiency

to estimate

* Use constrained kinematics of B> D*t*, D*-> D%t
difference — control sample size will scale with increased luminosity

Precision flavour physics - Jim Libby
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Systematic uncertainties Il

AT — e D BY .~k Dressed
© e[ NyB(D™ = Dr ) B(DY — K™ n )70 aad S Fgoiw  Visible
N ; ' ! ' Measured
* Need to know the number of B “[ _
- We can count the total number of il & g e
BB pairs using event shape - -' 72
NB{):QNBg(l‘{—@l 1:'-
* f,,=ratio of Y(4S) to B*B~ compared E
to BB 05F &
* Naively you would think was 1 L, .
ey . i P (R 1| NSRRI EENG N, , PR e
* But it is not exact . 10.56 10.57 10.58  10.59 10.6
E.., (GeV)
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Our current best estimate:

PRD 107,L031102 (2023) [Belle Collaboration]

* Uses B->J/PK events and isospin assumptions
N&, = 2Nppf*t e"B[B™ — J/y(£€)K™]

s18

Note that
RY% = f.o
NC = 2NgpfPe"B[B? — J/w(£¢)K"]

sig

Nig/e" _ o BB = J/w(tt
NO /0 /el B[B" — J/y(£¢
(£

']

K
K"

)
)
B+ — J/w(6)KH et But how good is the assumption

B S Jweore  T(BY - J/WK*Y) =T (B° - J/$K°)?

NT .5“

, R0 — sig

K ONY et
sig +

S1g

+/0

Precision flavour physics - Jim Libby 30


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.107.L031102

Our current best estimate:

PRD 107,L031102 (2023) [Belle Collaboration]

 The assumption is that it is of the order A3 from isospin breaking
rescattering [Fleischer and Mannel, 2001]

 A=0.2is a generic expansion parameter the same order as sin 8,=0.22
* Thisresultsin
fio = 1.065 + 0.012 (stat) + 0.019 (syst) + 0.043 (Isospin)

So,\}t is isospin breaking assumption that dominates the current estimate
onV_,

We are actively ursumfg other methods such as double semileptonic decay
(Babar PRL 95 042001 (2005) ) or as nuisance parameter in a combined
analysis of D and D*

?therwise this will be the experimental limitation on exclusive V_, in the
uture

Precision flavour physics - Jim Libby
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https://www.sciencedirect.com/science/article/pii/S037026930100346X?via%3Dihub
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.95.042001
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.107.L031102

Belle paper accepted by PRL

Angular coefficients in B>D*lvand V_,

* Measure 4D-differential distribution in
terms of decay angles and w~@?
« overall proportionality to |V, |?

w21 is the hadronic recoil parameter —
relates to mom. transfer to the leptonic
system

* Extract 12 angular coefficients of the
distribution in bins of w for the first time

using full Belle 711 fb~' sample Preliminary
1.6
) hadronically tagged ¢ JLOCD [2305.14092] $8 HPQCD [2304.03137] @ MILC [2105.14019]

Ri(w)

* Fit performed to coefficients in different "
form-factor parameterizations and with 2 1 :‘:\*\*\.
LQCD inputs to extract V_, as well as LQCD

parameters of the form-factor model o
« WA BF also taken externally a1  BGL(332)

1.0 111 1?2 1f3 1.[4 115
w[1]
Precision flavour physics - suin Livuy 32



https://arxiv.org/abs/2310.20286

— 4.8

- N I I I | I I I | | I I I I | I I | I I I _
o :_ Exclusive [V_| A" = 1.0 contours _:
:I 4.6 L . ) Inclusive _
— 4.4 Exclusive [V | V [:GGOU
> = 40 E_ |Vub|f|V9b| V| global fit _E
o . E HFLAV Average E
o E
3.8 <
3.6 =
34F -
3.2 —
A e
[ 2021 -
2.8 PO =8.9%
: | 1 1 | | 1 1 | 1 1 | | 1 1 | I 1 | 1 I 1 :
36 38 40 42 44 3
|Vcb| — (40_9 + 0_7) x 1073 (CLN) Angular analysis of B->Dlv also more compatible

Babar paper accepted by PRD
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https://arxiv.org/abs/2311.15071

Inclusive |V, |

B — X Ly

F. Bernlochner — Belle Il Physics Week

B=|Vpl|?|D(b— qlie) +1/mep + g + .

Established approach: Use spectral moments (hadronic mass moments, lepton energy
moments etc.) to determine non-perturbative matrix elements (ME) of OPE and extract |Vep|

dr = dT, + dT, =+ dT
ms

dI' are calculated
perturbatively

&:) Available at 0(a2)

Fael, Schénwald, 5teinhauser
Phys. Rev. D 104, 016003 (2021)

op—3 Al c—5+0(1/ my)
mj, m;j,
Uz, UG, Pp, Prs €Nncapsulate Challenge: Proliferation of
non-perturbative dynamics HQE parameters at higher order

L> HQE parameters must

be extracted from data

L

requires the spectral
moments of B — X .{v

Bad news: number of these matrix elements increases if one increases expansion in 1/my,, .

Precision flavour physics - Jim Libby
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https://indico.belle2.org/event/9402/contributions/66272/

arb. units
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co
Raw moment: c = 0

Central moment: ¢ = Mean

First raw moment: Mean
A

Measures the location
Second central moment: Variance

Measures the spread

Third central moment: Skewness

Measures asymmetry

Fourth central moment: Kurtosis

Measures “tailedness”™
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Moments are measured with progressive cuts in the distribution
— highly correlated measurements

Precision flavour physics - Jim Libby

* Essentially

their variation
tells you about
the dynamics
of inclusive
system, which
can be related
to the
underlying
QCD
parameters in
the expansion
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.072002

Inclusive V_, and outlook

* The OPE is fit to the inclusive branching T L o
. - i1l ad.
fraction and moments Cowol JHEP 02 (2024) 206 gomi o
* QCD parameters and V, extracted : ol 2
simultaneously ny q
0.0435F ] One Cut
12023 Default 1
7 — (A ~ L 1G 1n—3 ]
Vep| = (41.97 £ 0.48) x 1072
3 _
* Agrees with recent exclusive 0.0425
* Further improvement from experimental :
iInputs possible or extending expansion to 0.0420-
higher order
* Overall V,, showcases work between 00415k
experiment and theory leads to precision ;
* Also, clear different techniques or SR — l |

measurements important to get the full picture 015 0-20 0-25 0-30

* Beware a single measurement or experiment
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