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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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Today the goal is over constraint — loop sensitivity
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:Bmeasured

Principal experimental goal in CKM physics in the next
decade is to reduce uncertainty to 1°
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https://hflav.web.cern.ch/
https://hflav.web.cern.ch/
http://ckmfitter.in2p3.fr/

DECAY OF KAONS AND CP VIOLATION

« If it is CP violation only in mixing (the short-lived state is not only Kj;),

o i .
? the phenomenology is simple. Define g, so that
What IS v y |Ks) = |Kq1)- €x|K2) |KL) = |K2) + €x|Kq)

where Ks is the short-lived state and K; is the long-lived state.

K. McFarland Day 1

* [tis basically the irreducible weak phase of V ,, i.e., the phase of the
CKM matrix — origin of CP violation
* Vub * (Vub)*
* How to observe as all rates proportional to |qu,|2’?

* Interference between two different amplitudes
1. In mixing — neutral kaon decay (see Day 1)

2. Interference between mixing and decay

* two paths mixed or unmixed to the same final state
* The triumph of Babar and Belle: sin2 in from time-dependent CP violation in B°>K°J/

3. Indecay(direct)  pyy- , p-y_ p(+ — f+)  [M=charged meson, e.g., B
Afi — f(ﬂf — f ]I—I—f(ﬂf' — 1) 0 f*and f- CP conjugate of the

final state
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https://link.springer.com/article/10.1140/epjc/s10052-014-3026-9
https://indico.slac.stanford.edu/event/8587/contributions/9629/attachments/4334/11851/SSI2024%20Inspiring%20Precision%20McFarland.pdf

Measuring . B>DK
Al

-

« Same final state for D and D = interference = the possibility of DCPV

* Different types of D final states generally used

1. Self-conjugate multibody states: Ksh*h™ [Dalitz/BPGGSZ]

Giri, Grossman, Soffer and Zupan, PRD 68, 054018 (2003); Bondar (unpublished)
2. CP-eigenstates [GLW]

Gronau & London, PLB 253, 483 (1991), Gronau, & Wyler, PLB 265, 172 (1991)
3. KX~ (X=rn,n n° nn =n*)-CFand DCS [ADS]

Atwood, Dunietz & Soni, PRD 63, 036005 (2001)
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Theory plays no role

* At least three parameters common to all B->DK
* Amplitude ratio ry strong phase difference 6; andy

* First two in principle calculable from QCD but very hard c.f.
hadronic states to measure V,

 However, if you have enough measurements of different D
final states or in bins of the D phase space you determine
these from data along with y

* First amplitude that could disrupt this introduces
a relative correction of order 107 on y — JHEP 1401
(2014) 051

* Will focus on the most measurement
* B>D(Ksh*h~ )h~
e CP violation measured across the three-body phase space
(Dalitz plot) of the D decay

Precision flavour physics - Jim Libby
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https://link.springer.com/article/10.1007/JHEP01(2014)051
https://link.springer.com/article/10.1007/JHEP01(2014)051

Dalitz plot

* Considering a scalar or pseudoscalar decaying into a three-body
final state how many variables are required to describe it?
 3four-momenta =12 variables

* Constraints:
* Energy-momentum conservation=4
* Particle masses =3
* Orientation of decay plane choice =3

* 12-10 = two-independent variables
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Dalitz plot: math P?M%)gpz»%

pga mg

* Following (and figures) from PDG kinematics review general form
with just the kinematic constraints - energies in rest frame of M
and a, 3 and vy are Euler angles to define the orientation

11
dl’ = 28 163 .4 |? dE1 dE3 do d(cos 3) dvy

11 (p +p,)=m;

dl’ = 3 .4 |2 dE; dEs S '

(2m)° 8M P=p +p,+p;
| = (p,+p,) =(P-p) =M +m —2P-p,

2 2
= M)? dmis dm
-4 B2 ml =M +m] - 2ME,
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Dalitz plot

1 1
= M
(27)3 32M3 |

al’

Note if matrix element
Independent of kinematics
Dalitz distribution is uniform

Therefore, resonance structures
In the (12), (13) and (23) systems
show up as bands

2 dmiy dmis

10

8

=)
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B-->D(K;h*h~ )h~ Dalitz plots

JHEP 02 (2021) 169
3.0 1

3.0 1

LHCb LHCb
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* First measurements from BaBar and Belle fit the whole Dalitz plot to an
amplitude model of resonances K*rt, Kp etc. but the answer depends on the
number of amplitudes included and the parameters of the model

* Uncertaintiesup to 10 degreesony
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https://inspirehep.net/files/7cdb9d2213a23face04fc168be66143b

What if you bin the Dalitz? =

1.0

* The B‘%DK‘ amplitude at each pointin the Dalitz plot ...

DK 05 1.'0 15 20 25 30
Ap(m?,m2) oc Ap(m?,m2) + rB%eiCs" =V A5(m2 ,m?) e

* Find |Ag|* integrated over each bin to get expression like

Frit ((a2) 4 (42%)") Fost 2VFFS (225 ers + 251
where this are the number of B- events in the +i bin with

[; dm?dm?2|Ap(m?,m2)|* n(m2,m?)

N_;, =hp- his norm factor

F. = , [Fraction of D decays in each bin inc. acceptance n]
' > )5 dm? dm+|AD(m_., fn*:e.Jr]|2 ;';(m.z_ ,m2)
28 = DR cos(6B8 £+) and P2 = rB% sin(65% ++). [Whatwe want to know?]

[Amplitude weighted average of the

_strong phase difference between D°
\/fz dm?2 dm?2 |Ap(m%,m%)|? [.dm?2 dm?2 |Ap(m?Z,m?%)|? and D° bar] 50

_J; dm? dmi |AD(??1%,'WEL) | |A9(m1, m?2 )| cos [6p(m?2

,m2) — 6p(m2,m2)]

Ll %] o] W (%] [=2] =1
— . »



What if you bin the Dalitz?

* The ampli

Ap(m” Important assumption "t
B 4o (mZ,mi)=Ap(mi,m2)
s i.e., no CPviolation in D decay
M Looks intimidating but derivation
fi= foj d Is simple: do it over lunch? ne. acceptance n

28 = DR cos(6p™ £+) and y2F = rp" sin(dp" £+). [What

2 2 2

[, dm? dm? |Ap(m? ., m2)||Ap(m2,m%)| cos [6p(m%.m2) — 6p(m%, m2)]

we want to know]

5 [Amplitude weighted average of the

Ci

\/_j; dm?2 dm?2 |Ap(m%,m%)|? [.dm?2 dm?2 |Ap(m?Z,m?%)|?

—~- strong phase difference between D°
and DO bar] 51



Dalitz model-independent method

Binned fit proposed by Giri et al. [PRD 68 (2003) 054018] and developed by Bondar &
Poluektov [EPJ C 55 (2008) 51; EPJ C47 (2006) 347] removes model dependence by
relating events in bin i of Dalitz plot to experimental observables.

Bt events in bin Xy = rgc0s(0pt )
i of Dalitz plot Determined from a sample

of more abundant B=>Dr with little CPV Y:= g SIN(Og )
\ / /
2
f\f . =hp+ |[F_; + (( DK) —|—( ) )F-|-;—|—2\HFF_ (3:_|_ Ci;— y_l_ ,5_|_1)
/

c; s;: average in bin of cosine, sine of strong phase difference
Choosing bins of expected similar strong phase difference maximises statistical

precision — currently 16 bins — if you know ci and si loss in statistical sensitivity
w.r.t. unbinned result is ~20% but no model error!
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BESIII
93% of 4=

BE PCI I a nd BESI I I Main drift chamber + 1 T superconducting solenoid

—0,/p=0.5% @ 1 GeV + dE/dx for PID

» e*e” collisions to directly produce TOF system with 6 = 100 ps (110 ps) in barrel (endcap)
charmonium

. J5=20 — 49 GeV Electromagnetic calorimeter with 6/E =2.5% @ 1 GeV

. ﬁg?sieve%d?“g” instantaneous luminosity of RPC muon system embedded in flux return
cm™2s”
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XYZ scan

BESII| data sets 1280

7.6 fb™!

R 7 ....-- I i | | | I | | I | |
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3.773 ete” - (3770) » D°D°/D*D~ 2.93 + (17 this year)
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The “single vs. double-tag” techniques

= Threshold production means that no other particles are produced along with
the DD or DD* pair

= Full event reconstruction “double tag” possible
= Advantages

1.
2.

absolute branching fractions

full kinematic constraint to reconstruct v or long-lived neutral hadron (neutron or K}),
and _
2K

3. low backgrounds (i.e. amplitude analyses) 7 :: Signal side
>
4. Accessto quantum correlation S
. + —
* Disadvantage ¢ w@770) ¢
. . , Kﬁe-____@ Cartoon from
1. reduced reconstruction efficiency Tagside _ __— . Dong
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Number of Events

Single tag samples
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Quantum correlated measurements

At the y (3770) neutral D pairs produced in quantum-entangled state:
e'e >y >+ D’D’ —EODO}

ee >y > f -DCP—DCP+ - DCP+DCP—]

where Dy, = D+ 50}

Reconstruct one D—K 7z and the other in a CP eigenstate such as KK, K,m° then CP of the other
is fixed

CP + tagged yieldinbini < F; + F_; + 2¢;/ F;F_;
/

Also tag with Kszz tag fractional D° yield in each bin

Yield in bin i tagged by bin j < F;F_; + F_;F; — ZJFiF_jF—iFj(CiCj + Sisj)
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PRL 124 (2020) 241802
PRD 101 (2020) 112002

Yields

2.93 fb~"! of data compared with 0.82
fb~1 for CLEO — PRD 82 (2010)

112006
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Mode NEs= NE
Ktm 4740 £ 71 9511 =115
Kt a~a° 5695 = 78| 11906 + 132
Ktem n =t 8899 95| 19225+ 176
Kte v, 4123 £ 75

CFP-even tags

K"K 443 + 22 1289 + 41
T 184 + 14 531 £ 28
Kin"=z" 198 + 16 612 + 35
gt o m" 790 + 31 2571 =74
Ky 7" 013 + 41

CFP-odd tags

Kon" 643 -+ 26 361 £+ 46
K‘_@;,rr:, 89+ 10 105 + 15
KoM ot o a0 23+ 5 40 =9
K'Ca 245 £ 17 321 &= 25
Kon' ., _ . 24 1+ 6 38 = 8
E‘-”mg 81 £ 10 120 £+ 14
K} n"n" 620 + 32

Mixed-CF tags

Kintm 899 + 31| 3438472
KYatam_ .. 224 + 17

Kg[i'r mmjﬂ oy 710 4+ 34 58




Results

PRL 124 (2020) 241802
PRD 101 (2020) 112002

* Three different binning schemes — some fory

measurements

* Use equal strong-phase binning - n/4 intervals

 Fit binned qua

Ci

ntum-correlated vields

S

to extract

r o e R e B S

0.708 = 0.020 = 0.009
0.671 =0.035 = 0.016
0.001 =0.047 =0.019
—0.602 £+ 0.053 = 0.017
—0.965 £ 0.019 + 0.013
—0.554 +0.062 = 0.024
0.046 = 0.057 = 0.023
0.403 =0.036 = 0.017

Statistically dominated

0.128 == 0.076 = 0.017
0.341 == 0.134 == 0.015
0.893 +=0.112 +0.020
0.723 == 0.143 = 0.022
0.020 = 0.081 = 0.009
—0.589 = 0.147 = 0.031
—0.686 = 0.143 = 0.028
-0.474 = 0.091 = 0.027

1.0

0.5

s 0.0

-0.5

-1.0
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Systematic uncertainties - eye to the future

PRD 101 (2020) 112002
ST (DT) = single (double) tag

1. Ignoring asymmetric bin-to-bin migration

Uncertainty Cs * can be mitigated by unfolding in the
K, and K’ 0.005 future
ST yIEI(l.S : 0.004 2. To leverage D—K, rxwe have to make
MC statistics 0.001 ;
) ! assumptions related to the model and the
DT peaking-background subtraction 0.005 . . :
: size CF to DCS interference induced

DT yields 0.001 :
M oluti 0.010 difference between D—>K, zrand D—>Kszr

{?{1‘:}&1111_111:1 resolution OIO(}O * implemented a constraint hence
DD mixing ' appears in statistical uncertainty
Total systematic 0.013 e potentially learn more from studying the
Statistical plus K9 7"z~ model 0.019 D—K, 7 amplitude model
K{EJI‘_?T_ model alone 0.007 * more weightto D—>K 7w
Total 0.023 3. Better understanding with more data
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LHCDb data

* Displaced vertex reduces background to very low level
* |ts modelling is the dominant experimental systematic though

Candidates / (5 MeV /e
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B} — D°[n*]K*F 4= B — D*(— D[y])n*
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[} 1 1 T T | T T T
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m(Dr%) [MeV /c?]

Precision flavour physics - Jim Libby 61



i)

+

NZ,+N

i Ni_z)/(

(N

Getting to y

JHEP 02 (2021) 169

0101 LHChH

0.8

0.6 -

0.4

0.2 -

0.0 1"

—0.2 A

_‘I"-i- Kg7r+7T_ KgK“'K_

LHCb B* — DK*

0.05 1

yDI{

0.00 -

—0.05 |

—0.10 1

—0.10 =0.05 0.00 0.05 0.10
LE'DK

Statistics dominated only 1 degree error from strong phases

I I I I 1 I I 1 I I I I 1 I I 1 I

-8-7-6-5-4-3-2-11 23456 78-2-112
Effective bin 12

v = (68.7127)°.

Alsouses D? - KQKTK~

12% more data in the y measurement

Strong phases:
- arXiv:2007.07959 [hep-ex]
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2024 LHCDb y

= Ga6L28y] o THG

L Summer 2024

» Decreased uncertainty by ~ (.7° n.ﬁ:
since 2022

- Reduced tension between the BY SRR AR ..........08:3%
decays 0.0k : 1
» BY now sits amongst the B* . y - g, 0
measurements 0750 10 60 0 100 120

v [°]

2024 LHCb y combination per B decay

Aidan Wiederhold : University of Manchester
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v/&;: power of Belle + Belle I

* To be compared to LHCDb lead
the way: y=(64.6+2.8)°

» Several Belle (711 fb~) + Belle
Il measurements (varying
sample size) —total O(1 ab )

* D> K% hh-JHEP 02 (2022) 063

* D> K% Km - JHEP 09 (2023) 146

* D> K%Y KK - accepted JHEP

* + Belle-only D>Km and others
* Afew ab ! will give a good

cross check of this important
SM parameter

Events / 5.6 MeV

e

20F

-
4]
TTTTT

[=]
T

moowno o
L T—§ T

arXiv:2404.12817

=]
o

0.15 |-

01

NB: rgs have fluctuated a

[ little high —worse

precision with WA value
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} :
w 15
w 5
N 2 1w0f
- @
S
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= 5
.,I. PR | o o n
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0
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https://link.springer.com/article/10.1007/JHEP02(2022)063
https://arxiv.org/abs/2306.02940
https://arxiv.org/abs/2308.05048
https://arxiv.org/abs/2404.12817

L, B T T T — i ! — ' ' ' | .
<k - ——— LHCb combination, 8.7 fb" LHCb
s 0.006 - z::2:2 LHCb combination, 3.0 tb’ ]
0.004 :_ + Nodirect CPV _:
0.002 |- - -
of e :
~0002F 7 T -
—0.004 1 uniSii'r;'hold 68°%, 95°% CL -

. S
_0 004 —(} 002 0 0.002 0.004
as s

Case study 3: CP violation in charm

Better than parts per mille
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1-17/2 A AV (p—in)
2 2 4
o o o =) 1-A%/2 A +0(AY)
* |In Wolfenstein parameterization we see the 2"
row/column is real to order A*
Vy=—02245-2.6x 107, V,=0.97359 —5.9 x 107%, V= 0.0416.
* For physical manifestation we can look at

combinations that can arise in singly-Cabibbo
suppressed decay and mixing

ﬁ - ) . Ly S dsby
Ad:—(}+218f'4—2._‘31 x 10 T, Ahg = gV oug C > > E e
b =+0.21890 — 0.13 x 10~5 4, = —1.5x10"*+2.64 x 10~%i % )
":’.zfﬂj_f_.-r
=

* GIM suppression almost complete with first two
generations only real and imaginary terms similar
in third — most promising place for CPV in charm

al

Ann. Rev. Nucl. Part. Sci. 71 (2021) 59
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https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102419-124613

Further suppression

d, s, b u, c t .
c—» > - u b—> > > s Loop suppression
% Charm Beauty
g — — = - —= g\’ i, \
— b ,S,b - - u, cft . —d '""30, . FM\JD&
U o - c s — < < b My My

2 2
7 77
") ~1.3x107° ) ~25%x 107,
(M W) 7 (” IV) )

J_ﬂ'\f'\-/\.r\_ﬁ J
jj d,s, b»H?? {Ijl::\;l‘g my \* m \’
cC—» u b—» > > b S ( '!’) %2.8><1{]_3,( _r) ~ 4.5.
€

The good news is that large CP is a “clear” signature of new physics in the loops - naively expect O(1074)
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Charmat LHCDb |

* Not originally part of the programme but large samples of

* D™*->D%* through high-pT hardware trigger then detached vertex + two-body
D decay software trigger and

* B> D%uvX where the high-pT muon hardware trigger and then the D°u-
vertex

were reconstructed — accompanying particle allows “raw” asymmetries
to be determined

_NDO** > D(f)r*) = N(D*~ = D°(f)n")

~ N(D*" = D°(f)z") + N(D*~ —= D°(f)n~)’

_N(B - D(f)p5,X) = N(B — D(f)u*y,X)

- N(B-D(f)u5,X)+N(B - D(flp*y,X)

—tageed
Ailw 55 “C }

—tageed
Alaw 22 (f)
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PRL 122, 211803 (2019)

Charm at LHCb I
2t 1 = 1800 ‘
E E{ID{I;- | Data ﬁ 1600 | Data
* They reconstruct in the SCS decays S A = =
* D> 7t and DO—>K*K- ;E _- é%
* But what is this “raw” 5 oo} R |
g—tagged . Y05 2010 2015 2020 %005 2010 2015 2020
AR (f) m Acp(f) HAp (@)} AR (D7) ) VI ) VI
— x“.f. —— — ~ 160 l,nj. ......
At (f) = Ace () HAp ()| +Ar(B). A S S B o
. . E II 'II | [y E 120 I'F |:| | [y
* Experimental: charged-particle sr ) Wooed S puo-
detection asymmetry DN T T
e e.g., eff(u+)z eff(p-) S 100 j \ 5 L ____ J \ ;
. oy o . i B .
* Production: itis a pp collider (not a CP D M A o
SymmEtrIC)’ FIG. 1. Mass distributions of selected (top) n~-tagged and

. e.g., N(D™) # N(D*)

(bottom) u~-tagged candidates for (left) K~ K and (right) 7= a*
final states of the D”-meson decays, with fit projections overlaid.
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Observation of CP violation in charm

» Take difference of Asp raw in D°>n*n~and D°>K*K™ so that

production and detection asymmetries cancel out

* |If non-zero one or both asymmetries for the individual modes are too

—taroed
AAcp -

—tageed
ﬁA:“ =1=)
CP

(—18.2 4 3.2(stat) & 0.9(syst)] x 1074,
(—9 4 8(stat) & 5(syst)] x 107%.

dir
ﬂnﬂ, —

(=15.7 £2.9) x 107*,

[Dominant systematic

PDF modelling]

[Dominant systematic muon
identification]

5.3 sigma (hot an anomaly)

* Includes +0.3 correction due to any indirect CP violation

Precision flavour physics - Jim Libby
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Measuring the absolute asymmetry

* Followed up with a measurement of the _ 50 gl&r————

asymmetry in DO>K*K- oo | LHCD ook
: : = 1400 7 t Data
* Used five Cabbibo-favoured control modesto .. E — Fit
cancel production and detection asymmetries S, 3 Comb. bkg.
from all the measurements in two different 2 s00 F _
ways £ 600 F :
N DO%TC{-K_, D*> K, D+97'C+KO, DS+9TC+K+K_ :; ‘2132 ; E
and DS+9K+KO 8 0 ;¢—J| L—v—!—v—v——:!
* Also reweighted the kinematics to match the 0 . m(DOWQ‘E;EJ[MeV/CQ]

signal modes

AP (K-K*) = [6.8 + 5.4 (stat) £ 1.6 (syst)] x 10~*
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PRL 131 (2023) 091802

Measuring the absolute asymmetry

* Followed up with a measurementofthe . ="
i 0 +I|- T 00061 T e combination, 3.0 b -

aSymmetry In D 9'( K 0'004:_ + Nodirect CPV T ]

* Used five Cabbibo-favoured control modes to 0002k E
cancel production and detection asymmetries 05 :

from all the measurements in two different S R ]
ways 00021 T e -

* D95 7K™, D*>n*n*K, D*>n*K®, D > rKK™ _0'004;_C?;‘l'fﬁﬁ'f?"‘fﬁalﬁs?ﬂﬁ?5‘%§L, ]

+ +KO0 -0.004 —0.002 0 0.002 0.004

and D,*>K*K il

* Also reweighted the kinematics to match the
signal modes

AP (K-K*) =[6.8+5.4 (stat) £ 1.6 (syst)] x 10~
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What next?

* \We have seen CP violation in DY>7n*t~ but is it SM or not?

* The observed size 1073is larger than the naive expectation from
the size of the kq parameters and the relative size of the penguin to
tree diagram

 However, breaking of SU(3) flavour assumptions can enhance penguin +

possible long-distance rescattering (hon-perturbative) effects can play a
role

* We know SU(3) flavour broken in D->PP decays, e.g., [(D>K*K")=3 I(D>n*n")

* So more measurements required to disentangle what is going on
e e.g. D>n1%or D>nn*

* An opportunity for Belle [I? Unfortunately, our sample size is much smaller so
it will take time or innovation at LHCb
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https://www.quarked.org/ |

Case study 4:Ltau lepton at Belle Il

Flavour beyond quarks

Leplons

Mo Electric Charge

Electron-Neutrino (v ) Tau-Neutrino (v.) I
Mancy Maooki Tirn [

LESS MASS =
Megative Electric Charge

MORE MASS

@ I
Electron (e} Muon {1}1] Tauf{t) '
Elly Mustafa !

Tammy

Precision flavour physics - Jim Libby
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Tau physics motivation |

-
¢ P E_, I-L_, d , S
* Because neutrinos are massless there is no need W 7
for a CKM like matrix in the charged current

interactions - Vg ﬁu, u,u
* Therefore, lepton flavour violation a clear signature of
BSM physics

* tau has 185 standard model decay modes studied
* principally hadronic final states Y

* Unique laboratory to study weak interaction
* Third-generation therefore beyond-SM-sensitivity
anticipated

* Any observation of lepton-flavour violation in T3y, - S
T Uy, 1=l etc new physics y W \

e SM highly suppressed ! \

* Connections to g-2 and lepton universality violation T Vv Vv T
in b decay ! g
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Tau physics motivation i

0.230

Luiz Vale Silva (CKM 2023)

* Precision measurements of the T
lepton can have significant impact 0228

* Example:

KE and t->Kv

0.226 Direct (light green)
e first row unitarity of CKM matrix —
‘Cabibbo angle gnomaly’ g A tvelow)
* B(t—>Kv)/B(t=>mv) proportional to _go'm
|Vus/Vud | 2 :'-l
* Combine with lattice QCD information to 0.222

provide additional constraint

e Additionally, lepton-flavour universality 0220
and dipole moments

Ky/m, and t->Kv/t->nv Indirect

. . . . ] d
* Mass and lifetime important inputsto ~ **®[ I&um Sas |
these calculations e Lexcluded area has CL > 0.95
0-2166.950 0955 0960 0.965 0.970 0975 0.980 0.985 0.990

IV,
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Why t physics at the Y(4S)?

e The centre-of-mass Non Bhabha cross section in nb

energy of the B factories ete” - 717 (y)
processete” - Y(4S) —»
BB has comparable cross L _
sectiontoete™ = qg,q = ee” — uu(y)

u,d,s,c ete” - (”)0 92 ete” > dd(y)

. . 1.15 0.4
* Similar cross section for RN " _0.38
€+€_ R T+T_ SN / ete” = SE()/)

1.3
* 920 million tau pairs per

ab™ of integrated ‘/
ete” > BB

luminosity
Precision flavour physics - Jim Libby 77
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How to reconstruct a Tt lepton at Belle (ll)

. hadrons
* Missing energy from neutrinos does not allow full @
reconstruction Y
* Identify using the thrust axis 1y, f.:;
* maximizes the momentum projection i; T

* Divide event into two hemispheres

* Signal side

e e.g. TV + hadrons

* Tag side: a standard model decay
* single prong: t=>lvv or tT>nv + N1’

* three prong decay: t=>3nv + nmt®

Precision flavour physics - Jim Libby

x\l ~J | I}f
o ,n,' i ,:I Tﬂg tl_l,_i_

P ;.-' r' (Known decays)
gy CM frame
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W — ]
z kK P°ous? e I[ Ihh BNV -
e . . Belle Il Showmass
- 107 = = .
O (V= o* . RAREY et v . . = WhltePapel’
a L * ] ‘ . . ‘ _
_ . see ° L
G 10°: ° oo =
p2] - . v -« CLEO
E - v Ty T ow v 7+ ATLAS
- v Yvay v ' v T ov Vor i
g”]_?:_' “ ‘.n. P Y M ¥ L at ¥ i _ZJ‘CMS
a -4y v v oas v 4 A 4 A oa -+ LHCb
=] H ¥ A & ¥ 1T A o4 s Ya o i M
_] B M A g ‘T I: ‘:‘_.‘ i A a _TBaBar
QO BRE M * T + N
© 'H]B%—-..‘* . ve L4 ‘i“,‘, oot 3 ‘i++ . ‘i . "_§ Belle -1
S - . W ‘., ¢ ‘e e , _ + Bellell(5ab")
- t e, _ = Belle Il (50 ab™)
10_9—_- "l .l.... " " o B l.'. cet '. - u .__:
P L A T Y Y A A L1 L1 | L1 AR AN

SRR IR Rt R 8 S L L PP oo 3350 kb ke rk ki b /T 30 50 %
Tozpx PRIV IL 5y oy Qqu_qqmﬁhh#_r_tk&.wk%khbr EED g ;:q‘l'.x
¢:1mwm::mﬂmqm~mh'm‘.¢q.wqmq_ Y

Lepton-flavour violating searches
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LFV: 1=21V° (VP=p, w, ¢, K *)

* Forbidden in SM but enhanced many leptoquark models, c.f., R(D(*))

(" Vom0, K N N

o \/0=
 Full data set of 980 fb? i

e Data set of 190 fb™!
* 3and 1 prongtag: 3nv, lvy, :
0 * Inclusive tag
Tv+up to 271

. Background suppression * Background suppression with

. BDT
with BDT e arXiv:2305.04759

« JHEP 06 (2023) 118
N 2N /

High efficiency key for best sensitivity: multivariate selection and inclusive tagging
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LFV: Belle t=>1V° (V°=p, w, ¢, K*) approach

* Tagged with 1-prong or 3-prong decay

* Background from 7 > 3mv and ee 2 qq suppressed with a boosted

decision tree (BDT)

* Prepared separate BDT classifier for each IV® mode

04F © T—IEDG
Data
0.2
> T
1. . -]
S 00p . o L
L - .'l'.'. e =
<] : . SR AT
L. WML T L L L s s s o ow = s
CM =02 .0t
AT v ~ 7y . - SR IR
AE = (Eppo —+/5/2) f. = & sl :
_Dq'_ . . ::'l -
. L T .
1.65 1.70 1.75 1.80 1.85

Mepe (GeV/c?)

0.4

02F




LFV: Belle t=1V° (V°=p, w, d, K*) results

No significant excess in all #vV° modes

Mode e (%) N

World leading results
Osyst (70)  Nobs  Bobs (xlU_S)

vy
)]

= s p=p® 778 0.954+0.20(stat.) £0.15(syst.) 4.6 0 < 1.7
7= = eTp® 849  0.80+0.27(stat.) +0.04(syst.) 4.4 1 <22
TF = utp 559 0.47+0.15(stat.) £0.05(syst.) 4.8 0 <23 % Countingmethod 90%
£ s etd 645 0.38+0.21(stat.) +£0.00(syst.) 4.5 0 <20  confidence levels
™ ;Liw 3.27  0.32+0.23(stat.) +0.19(syst.) 4.8 0 <39 % g0 improvement
T = eTw 5.41  0.74£0.43(stat.) £0.06(syst.) 4.5 0 <24 %  over previous
= s =K 452 0.84%0.25(stat.) £0.31(syst.) 4.3 0 <29 ¥ measurements
™= 5 K 6.94  0.5440.21(stat.) £0.16(syst.) 4.1 0 <19 *
7= = u=K*® 458 0.58+0.17(stat.) 20.12(syst.) 4.3 1 <43 *
75 5 K0 745 0.2540.11(stat.) £0.02(syst.) 4.1 0 < 1.7 *
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LFV: Belle ll T->1¢ approach

* Untagged: train BDT inclusively to discriminate from background

e event shape variables, signal kinematics, ¢ mass and rest-of-the-event,
i.e., tracks and clusters not used to reconstruct signal

* 6% efficiency —twice Belle

% 1.0~ Belle Il (Preliminary) = MC background == RSB %’, 06 | Belle Il (Preliminary) »  MC background — =— [‘{SB
g‘ - Data: [Ldt = 190 fb~! ® Data — SR Q | Data: [Ldt = 190 fb~? ¢ Data — SR
o 08F MC: [ Ldt = 2ab~! - [ MC: [Ldt = 24b7!
< i < 04f .
05k electron mode -
b muon mode
i % 0.2 i .
0.2F
i . . . . .
] : ' 00F, " il
3 . - . ._ L 3 . - - - . i L = r N
[ p
—0.2F" . - C .
- : « T . —-0.2F
—0.5F t e
5 : —04F . .
—0'8_1I|"l‘l""|'l||l.,.‘.| _'l""|'"'|"ll|l|1n|uuu.l....l...,|,,,,|,,
1.6 1.7 1.8 1.9 2.0 1.675 1.700 1.725 1.750 1.775 1.800 1.825 1.850 1.875

M, [GeV/c?] M, [GeV/c?]



Not competitive with the Belle results

LFV: Belle " '[%l(l) results But first application of the inclusive tag

= 1.00 -
]

o [ L Bellell (Preliminary) === CL, O Belle Il (Preliminary) = CL. s
: : [Ldt = 190 ! ——- CL,.. ; [ Ldt = 190 fb~? ===- CL,exp
. +20 ':'L,,._vxp : +20 C'Ls.vx]}
0.75 . 0.75 :
H Ll ':L,,-_HP Hl il C'Ls.vx]}
— a=10% — a=10%
0.50 0.50
0.25 0.25
0.00 o <1077 000 e : — X107
0 2 | 0 2 4
Upper limit on B(T — eg) Upper limit on B(T — po)

Obs. By(t — epp) = 23x1078%  Obs. By (t » u¢) =9.7x1078
Exp. By (t — e¢p) = 15x1078 Exp. Byp(r = u¢p) =9.9x1078
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Paper accepted by JHEP

1> 3u- lepton flavour violation search

* Inclusive tag of the non-signal

. < . Inclusive tagging schema :
T to increase efficiency - s i
multivariate of ° z "
. —e
* Cut‘n’countin 2D plane of Event .
* Mg, and AE = E5 ~Epen, (inc.m.)
e Sideband derl\ﬁd background
estimate 0.57;¢ events Q [Pl Coiminy) T Dun ERMN | S oo BN Eriminay) —
2 p J Cdt = 424 ! ] Sial S imu.lallin;:ll'l. L:-.f- 4 el —_— ;?cllletjﬂdg
* One event observed 5 SN T Swiry
* World best limit ’ =
* BF<1.9x1073(90% c.l.) f : . =
* Area of competition | Ml mg g B
* LHCb BF <4.1x10°® (Run 1 only) T 11k o I 5
 CMS BF <2.9x107%(Run 1+2) [l y en®
e T J b A ;7 R A
- 5| R G - SN I i _‘;|;::L.|-(I;c:kll“c--i—"!l e e 1.,I {” ]Ir
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https://link.springer.com/article/10.1007/JHEP02(2015)121
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https://arxiv.org/abs/2405.07386

“Ali’s weight was announced as 206 pounds. He had not been so low in years: 216 pounds came through as the correction.
A miscalculation of the kilos. A whistle from the press. He was four to eight pounds heavier than he said he would be,
a poor prospect for his ability to dance and run”, The Fight, Norman Mailer

Heavyweight weigh-in: Tt mass measurement:
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Phys. Rev. D 108, 032006 (2023)

T mass measurement

* Fundamental parameter of the standard model
* Important input to lepton-flavour-universality tests

Bt~ — e v.v;] g
HI!'.’ — — _T
B[H —r € 'Uﬂyu] (gﬁ)e

T, m3 i
— \/}gp_’ “(1+46w)(1+46,) (3sareradiative corrections)

T m?

* We use the pseudomass variable to determine mass

T
? \Mn = My = \/m%n +2(y5/2 = Eap)(Esy — |Ban]) < m,
Vp 4--::,-* h“*’*...‘ '}T__
Ve s Vr
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Events / (1.5 MeV/c?)

Pull

Phys. Rev. D 108, 032006 (2023

T Mass measurement w,., = mi, +26/5/2 ) Ese — lfsel) <m.

16F Bellell { Data — Fit 10.59 —= 35
: ) 1771 Background Belle Il 'S E  Bellell —I—Before momentum correction
14E _I-L dt=190f" ™ [ dt =190 fb" Total uncert. St 4 T _
: 2 = . Ldt=190fb ={— After momentum correction
12 m, = 1777.09 £ 0.08 £ 0.11 MeV/c . 10.585 .k & 25 F
10 = 2 RS F D" Ko —]
& > 2k
8F . — g
. 0 =, o
oF Resolutio = 1058 I
o £ 1F
..6 O.E C ——
4F 3 :
Tau mas ISR E L 05F
2F 3 ' e : I I —%—
— N R — R S I —e S 8§ o E oF 3 $ : 1
0 2 g ] g
2 F . - . ey - B 5 9 -05F
= -, . . N " - O L S —
0 Bt o v et et ottty e e, bl v ETDRET . - PE T TOEE DR Y PO A PPN R I B IR AP P B
2 e - 0 10: IE‘]'_J " 300 0 o -1 08 06 04 02 0 02 04 06 08 1
"7 T 1 17t TR T Chronologically ordered events cos,

M_, [GeVic?]

* Fit to distribution with analytic form that accounts for ISR/FSR and
resolution

* Knowing the scale key:
* beam energy (from Ez*) and
* momentum (from D mass)
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T mass measurement

2
m'r: [MeV/C arecision flavour physics - Jim Libby

PDG Average (2022)
1776.86 +0.12
BES (1996)
T g —
BELLE (2007) 5
1776.61+0.13 + 0.35 j
KEDR (2007) ;
1776.81 )z £ 0.15 E
BaBar (2009) §
1776.68 £ 0.12 + 0.41 ?
BES Ill (2014)
1776.91+0.12 9 =
Belle Il (2023) _
1777.09 + 0.08 + 0.11
1 | | | | | | | | | 1 : | | | | ]
1776 1776.5 1777

Phys. Rev. D 108, 032006 (2023

World’s most
precise
measurement to
date
- dominant
systematics from
beam energy and
momentum scale
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Outlook
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JLICHEP

SuperKEKB/Belle Il status and plans v

’
. . . Image K. Nakamura ,’
. Evolution of peak luminosity Target before LS2: »7 Target after LS2:
2.8x10%% cm2s;! s’ 6x10°° cm2s-!

World-record:
4.7%10%* cm2s1

LS1 Run 2 LS2

2028 or later

(under discussion)

§ Pixel exchange, &1
% ®| TOP PMT replace,

Peak luminosity [1034 cm2s-1]

o = MM W =

10\9‘092020‘0‘31020‘09QQ'D‘0(5202\‘09@029‘0%2029‘091023‘0%102’5‘0920'2,5"0% Date
* Run 2is long —end 2028 or later
» Steady accumulation at ~2 x 10%°cm=2s71 for several ab -1 — 2"d generation

» After Run 2 — upgrade proposal for reach design luminosity and tens of ab !
* Talks by K. Nakamura and M. Roney (polarized beams) — Framework CDR arXiv:2406.19421
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Y. Amhis ICHEP 2024

New Scintillating Fibre
Tracker (SciFi)

New Upstream Tracker
(UT) Silicon Strips

Vertex -
Locator

------

ECAL

Pixel detector

upgrade

Major upgrade of all sub-detectors and readout

12

HCAL

M2

Mg MO
M3

The LHCb Upgrade | arXiv:2305.10515



https://indico.cern.ch/event/1291157/contributions/5958029/attachments/2901092/5096981/ICHEP2024-YasmineAmhis.pdf

Y. Amhis ICHEP 2024

10 | . | — 1 T T )
- — -
| ST M g
i 4 - _.i,_ ‘i’ -
ST o < .
5 0.8 ._ _— —o- O — g
) - 1 -
£ - w -
) - - o LHCb Preliminary 2024 Q
t 06 B et 7 c
A | + 2024 =
=0 ~- n P
E : o -~  Run2 ] I{D
E 0.4 F -0 Generator level distribution [A. U] - %
ilj i e b .lh
| o
vl
- <
fo2fE 4
L = 1 ;
) e
» D'O 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 L | 1 1 1 1 .“::."I
Pixel detector 0 5 10 15 20 55
b-hadron py [GeV/c]
R readout for Calorimeters
upgrade

Major upgrade of all sub-detectors and readout The LHCb Upgrade | arXiv:2305.10515
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- =k =ik =k

Peak luminosity [10%® cm2s1]

U pg rad e I I Y.Amhis ICHEP 2024 physics programme limited by detector,

so there’s a clear case for

an ambitious plan of upgrades
Run 1 Run 2 Run 3 Run 4 Run5 Runé

N
6 550 covering the full HL-LHC phase
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Far future: FCC-ee

— photo: 1. Wenninger i
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Luminosity (10" cm™s )

Far future: FCC-ee

—e— FCC-ee (2 IPs, CDR)
Z —e—CEPC (21Ps,CDR) ||
—&— |LC (TDR and upgrades)
100 ¢ —a— CLIC (CDR)
10 ¢
| |
1 E 4

50 100 150 200 250 300 350 400 o« -
Center of mass energy (GeV)

__ photo: 1. Wenninger l
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Luminosity (10" cm™s )

Far future: FCC-ee

—&— F(CC-ee (2 IPs, CDR)

Z —e—CEPC (21Ps,CDR) |
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Conclusion

* Flavour measurements at LHCb and Belle |l are very much in the
precision era
e CKM physics
 Searches for rare decays
 Charm and tau physics

* Both experiments plan for another decade or more so precision will be
ever more important

* Also LHC general purpose experiments more and more interested in flavour for
the HL-HLC era — see M. Pierini at ICHEP

* Already lead the way for some states with muons

* Foryou (if not for me) —a Higgs factory Tera-Z programme would have a
substantial flavour component
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https://indico.cern.ch/event/1291157/contributions/5958001/attachments/2901064/5087563/CMSHighlights.pdf

