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What Is flavour physics?

Flavour (particle physics)

From Wikipedia, the free encyclopedia

In particle physics, flavour or flavor is a quanturm number of elementary particles. In
gquantum chromodynamics, flavour is a global symmetry. In the electroweak theory, on the
other hand, this symmetry is broken, and flavour-changing processes exist, such as quark
decay or neutrino oscillations.

“The term flavor was first used in particle
physics in the context of the quark model of
hadrons. It was coined in 1971 by Murray
Gell-Mann and his student at the time,
Harald Fritzsch, at a Baskin-Robbins ice-
cream store in Pasadena. Just as ice cream

has both color and flavor so do quarks.”

RS RMP 81 (2009) 1887

Flavour in particle physics

Flavour quantum numbers:

Baryon number: 8
Lepton number: L
Strangeness: &
Charm: C
Bottomness: B
Topness: T
lsospin:lorls

Wealk isospin: T or Ta
Electric charge: @
#-charge: X

Combinations:

Hypercharge: ¥

o ¥Y=(B+5+C+B+T)
e Y=2(0-Ia)

Weal hypercharge: ¥y

o Yyy=2(Q2-T3)

o X+2¥y=5(B-L)

Flavour mixing

CHEM matrix
FMME matrix
Flavour complementarity



Mysteries of flavour physics

° . Fermions Bosons
Why so many fermions? (matter) Fforces?
* What explains
o Quarks g799999
- the mixing patterns? uuu cee it T
. ddd sss bb W
> the matter-antimatter { MATTER } e
asymmetries (CP violation)? Leptons ANTIMATTER 7
. e w7
* Are there connections ve vy vn H

between quarks and leptons?

Can be studied with leptons and light quarks,

but the b quark is especially interesting
[which means studies of b hadrons — important role of QCD)] 3



The CKM matrix

Vud Vus Vub
VCKM — Vcd Vcs Vcb
th Vts th

* A 3x3 unitary matrix

- Encodes relative misalignment of mass and flavour bases that arises in the Standard Model
following electroweak symmetry breaking (Higgs mechanism)

* Described by 4 real parameters — allows CP violation (KM: Prog.Theor.Phys. 49 (1973) 652)
e Highly predictive

- Describes phenomena at energies from nuclear 3 decay to top quark decays

... the b quark is especially interesting
[which means studies of b hadrons — important role of QCD)]


https://doi.org/10.1143/PTP.49.652

Seeing and inferring

* Weak decays of b hadrons involve virtual mediators

* We only “see” the final state particles
— but can “infer” information about the mediators
- advantage: not limited by energy of collisions
- loop processes particularly interesting due to SM structure

* Formally, use effective field theory
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Seeing and inferring

* Weak decays of b hadrons involve virtual mediators

* We only “see” the final state particles

- but can “infer” information about the mediators

- advantage: not limited by energy of collisions

- loop processes particularly interesting due to SM structure

* Formally, use effective field theory

@ could be at O(10 TeV)
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The flavour ;ep'© scope

* Flavour physics provides a wide range of Standard Model tests
— Genuine potential for discovery of physics beyond

e SM structure is distinctive, and need not be replicated BSM
— Absence of tree-level flavour-changing neutral currents
- V-A structure of the charged current
— Universality of couplings to different leptons

* Quark mixing (CKM matrix) described by only 4 parameters
- Highly overconstrained - allows powerful consistency tests

 Sensitivity limited by precision
— For theoretically clean channels, this means data sample size

iHeartCraftyThings.com
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Heavy flavour production at hadron colliders

¢ e —71(45) — BB pp — bbX pp — bbX
(s =2TeV) (y/5=14TeV)
PEP-II, KEKB Tevatron LHC
Production cross-section 1 nb ~ 100 ub ~ 500 ub
Typical bb rate 10Hz ~ 100kHz ~ 500 kHz
Pile-up 0 1.7 0.5-20
b hadron mixture BB~ (50%). B"B" (50%) : B (40%), B” (40%), B (10%).,
LAY (10%), others (< 1%) |
b hadron boost small (By ~ 0.5) ~ 7 Tlarge By~100) | ~ ~
Underlying event BB pair alone " Many additional particles |
Production vertex Not reconstructed Reconstructed from many tracks
B"-B’ pair production  Coherent (from 1"(45) decay) Incoherent
Flavour tagging power eD’ ~30% eD’ ~ 5%

Many channels can be

Potentially overwhelming

Enormous!

... for which the

background; can be overcome

with precision vertexing ... high boost helps

I
| studied; need excellent
I PID and mass resolution




The LHCb detector

(2011-18 edition)
JINST 3 (2008) S08005

LHCb MC
/) HCAL N\
/ ECAL M5
// SPDIPS T
// Magnet RICH2 ] M2
/ / —~— T1T2T3 E 7221 frad]
/RJCH%T/l v TR
- : A = — RICH PMTs
VELO silicon strips o =
(0] O
| I i T & A
/ b 1 | /
|/
L L]
Precision primary and secondary
vertex measurements

Excellent K/t separation
capability




LHCDb Integrated luminosity

~2010 — 2020
— 2.3/ ™ 2018 (6.5 TeV): 2.19 /b 5 5
o= - 201?{5_54-;51 TeV): 1.71 /fb + 0.10 /fb 2_01 B 201 2

21 _._ - 2016 (6.5 TE"I.I"}: 1.67 fib ..............................
2015 (6.5 TeV): 0.33 /b 5 '

185 & 201240 Tev): 2.08 /b
2011 (3.5 TeV): 1.1 /b

1.6

2010 (3.5 TeV): 0.04 /b

Total sample
2011-18
9/fb

1.4
1.1
0.9

0.7
0.5

For [Ldt to mean
anything, it has to
be multiplied by o

Integrated Recorded Luminosity (1/fb
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LHCDb Integrated luminosity

~2010 - 2020

na
o

2018 (6.5 TeV): 2.19 /ib
2017 (6.5+2.51 TeV): 1.71 /tb + 0.10 /fb
2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /b
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /b
2010 {3 5 TeV): 0.04 /fb

21313 2012

N
I

iminosity (1/fb)
5 !

—
@

9/fbb X 500 pb X 2 ~ 10
Unprecedented samples of charm and beauty

Dependence of production rate on Vs means (for LHCb)
2015+16 = 2 X Run 1 (2011+12); 2017+18 2 x 2011-16

U 5 i } ....................................................................
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S ..l
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R/Iar Sep Nov
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Examples of results obtained with original
LHCDb detector (Run 1 & 2 data; 9/tb)
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B® and B_° mixing rates

Nature Phys. 18 (2022) 1

To measure mixing rate, need to — BY = Dyt = BY— BY - D;nt  — Untagged
« Measure flavour (B,.° or B _°) at _ y
_ () (s) 2 2500 |
production - :

* “flavour tagging”: exploit
properties of other particles
produced in the same collision

* Measure flavour at decay ;
 use flavour-specific decays like 500 |
B, - D_m* or D_u*v :

* Measure time between production

and decay
* Az = B\(cAt Am_=17.7683 + 0.0051 + 0.0032 ps™

Lorentz boost factors, not CKM angles 13



https://doi.org/10.1038/s41567-021-01394-x

Digression: B® and B_® mixing rates
Nature Phys. 18 (2022) 1

Eur. Phys. J. C76 (2016) 412

A(t)

-0.5F (c) +
' ' 10

t [ps]

Am, = 0.5050 + 0.0021 + 0.0010 ps™

—_ 30 — 7t - R0 0 -+
By = D_m B, —- B; = Dym

Am_=17.7683 £ 0.0051 £ 0.0032 ps™
14


https://doi.org/10.1038/s41567-021-01394-x
https://doi.org/10.1140/epjc/s10052-016-4250-2

The Unitarity Triangle

V VZb_I_ Ve V:b_l_ thV:b =0 [ (ﬁ>

Vig Vip Vg Vg BT
o=arg - tdﬂ! ,E=arg—‘“1°_b ,.r:a'g_ud u.b
- Vud Vub | Vid Vip Ved Ve |
_ VuaYaw| L _ [V Ve
........................ i} 1I'I V' i LI'- vi
* Three complex numbers add to zero L cd “cb cd "cb
' = triangle in Argand plane R, 7,
Axes are p and n:
_ — Hm'.i I’ru*.[;. T &
+ U = —T -
g / LIIF-:'E-{:.FI&' > redl (p )

(0.0

(1,0)
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" sin(2B) from BO - J/gKS

LHCbh-PAPER-2023-013
l{]ﬂ arxiv:2309.09728

AP+ T

Asymmetry corrected
for tagging dilution

1(B°) = 1.52 ps | o

Range of plot | .}
covers ten B° '
lifetimes!

- LHCh

B'—=¢(—= U)KY(— nrr™)

t [ps
S(WKs) = 0.717 + 0.013 (stat) + 0.008 (syst)
[S(WKS) = sin(2B)]

16


https://arxiv.org/abs/2309.09728

Neutral D meson A
different admixture of

MeV

D% and D° depending =
on final state

0

—_
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o

<t
§100
Suppressed D - Kt /% ™
mode: enhanced CP S o
violation
(two amplitudes of 6000

comparable magnitude) =

=

= 4000-
Favoured mode: ;@2'000
little CP violation <
(but important to g o

control systematics)
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JHEP 04 (2021) 081
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m? (Kgﬂ'_) [GeV2/04]

v from B - DK (BPGGSZ)

LHCb, JHEP 02 (2021) 169
this plot DD sample only

D - Kstt*1t- Dalitz plot from
(left) B* - DK*, (right) B-— DK~
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Candidates / (5 MeV/c?)
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LHCb
— B* - DK*

— B* — Dn¥
B° = D*(— D[rT)K*
B B* - D*(— D[x°)K*
B* — D*(— DyDK*

B* - Dx]K*
BO DO + F
mm 5. — D'[nT]K
Mis-ID part. reco.
Combinatorial

+ Data

5200

5400
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m(DK¥*) [MeV/c?]

Y = (687 +5'2—5_1)°

Important input from
BESIII measurements
with (3770) data

5800



The CKM description of CP violation

arxiv:2206.07501
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arXiv:2212.03894
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Mixing rates in o6

Bs*—Bis° 7 /
. ' systems 0.435s 7/ >
P 0.2:— / d | N
Decay-time dependent asymmetry in B® - J/(K?® - 4 Veo
N B T R B

Partial rate asymmetries in B*~ - DK*-

All constraints from different measurements overlap! | 1°



https://arxiv.org/abs/2212.03894
https://arxiv.org/abs/2206.07501

CP violation in charm oscillations
A null test of the SM

Charm oscillations very slow, so only see Ampt dependence instead of sin(Ampt)
PRL 127 (2021) 111801

--- Fit (x,=0) ¢ Data —— Fit _
LHCD 3005 |
*#T p 54fpl] =
%ﬁru 1 EES:
4-0.005%<
{ —;0.01 &0
30 [
I ﬁﬂﬂ | w
—-0.01
‘ ‘ —0.05
I L s
YR ] w
0.28:— . <-005
0.465F ‘ : : . ]

g } Q{M I Important input from
0.455F ) Etem j : . BESIII measurements
045E__, : ‘ : . . . ] of , ‘ : . with LIJ(3770) data

2 4 6 8 2 4 6 8 2 4 6 8 2

t/t tlt


https://doi.org/10.1103/PhysRevLett.127.111801

CP violation in charm oscillations
A null test of the SM

Charm oscillations very slow, so only see Ampt dependence instead of sin(Ampt)
PRL 127 (2021) 111801

1t

0.099 ]
' I ' I ' T ' LHCb150_005 K
0.0962 42 = - 1]
~ e [ | Current world avg. LLHCD - | 5.4 fb 00
0.0983F - Current world avg. + this paper 1 | 3-0.005 %
0.61: L . —50.01 e
i — 1
Q 06 B T ?0 +|\o
L — — ] A
0.59: N i —-0.01
03F B = —0.05 .
o f i ) ] S5
< 0.29;' » __ —_ } _50 Ay
o ‘ -
_ odfld 0.2 Important input from
0455 ] lg/p| — 1 BESIII measurements
" with (3770) data

t/t tlt


https://doi.org/10.1103/PhysRevLett.127.111801
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Candidates / ( 27.5 MeV/c?)
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Testing the SM with highly suppressed Bs)° - p*u-

correspond to 68%, 95%, 99% CL regions

. T 4 T i T U T y T

LHCb |
44mt
—ofp!

x107

h9
- : i . . . T T T Y ' - — 0.7 Xl(') T
: LHCb —e— Data ] 3. - contou
= - Total 7 +:' 0.6
" BDT 0.5 — il . 2
— B sutur 7 ALy
1 +77— = m
B—ptuty
------ B—h'h™ 041
X,—huv, ] 0.3
_______ BV %y
------ Combinatorial ] 0.21-
+ 0.1+
‘ . | . L] OO
5000 5500 6000

m,.,- [MeV/c?]
B(By = ™)
c.f. SM: B(B?— ptpu™)

5 6
B(B—uu)

+0.46 +0.15
(309 —0.43 -0.11

(3.66 £ 0.14) x 1079

See also CMS PL B842 (2023) 137955

PRL 128 (2022) 041801
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and ATLAS JHEP 04 (2019) 098


https://doi.org/10.1103/PhysRevLett.128.041801
http://dx.doi.org/10.1016/j.physletb.2023.137955
https://link.springer.com/article/10.1007/JHEP04(2019)098
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Testing the SM with rare B decays

Angular distributions of B - K*°u*p-

— LHCb Run 1 + 2016

T T T T T T T

< 05 -
| ZsM from ASZB | 4 | M
A

uzzzz:

[ =+
—0.51 —

I I 1 I 1 1 1
0 5] 10 15

g2 [GeV?/c?]

PRL 125 (2020) 011802

T T T T T T T T T T T T T T

LHCb Run 1 + 2016

l ["1SM from DHMV
0.5 = .
OF
~0.5F +_+_ ] -
/ Tension (3.30) T _| ]
\ with SM prediction 5 10 15

g* [GeV* ¢4


https://doi.org/10.1103/PhysRevLett.125.011802

Candidates / 34 MeV

Candidates / 0.1

Testing the SM with rare B decays

Angular distributions of B° - K*%e*e~ at very low ¢?

100 :_ LHCb : --ees B'K Cete ]
[ { Data : SL/C

80 - el : B—K 'mete 3

60 - |l 5k ey E

E - B K (etey) E

40— : —

..........

B'>K %y

5000 5500 6000
m(K*mete”) [MeV]

Candidates / 0.08

Candidates / 0.05%

Im(C%/C%)

JHEP 12 (2020) 081

1.0
1 Constraints at 20
B(B — X)
4 0 0.0
0.5 B® — Kgn'y
—— B gy
] L —— BY - K*0¢te™
1 SM /! ----- Global
0.0 \ { _/ /
—0.5 —/< /
A —/
-1.0 ¥t
—-1.0 —-0.5 0.0 0.5 1.0
Re(C7/C7)

Strong constraints on the
polarisation of the virtual photon

L
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https://doi.org/10.1007/JHEP12(2020)081

New hadrons!

llg I i I i I i
o5 L Which are your favourites?
B
750 |64 new hadrons at LHCb |
7.0 4 ° Tl BI00)
(6152 Dl 340) -
o2 ry  NAROENenr g
6.0 N, (5920)° =,(5855)" _ B/(5970)%? [ " g -~ B:,(5087)°
: W), (s912)° = (5035 0 @ B (5840)"° L6097 ALBOTOF B (6114)°
= 54(6097)" B; (6063)°
o 5.5
.-
< 50- @ bg
.- X(4700) , X(4685)
=) a5 ® cclqq) PY(4450)" ® 11500) PYia457) @xi2630) o ta33)0
— ] + i L
n o ccqq ol gl e Tsal4220F W™
[{»] _ o P." [435']':' P:.L [4312:' ?11[400 D:I" F“E,,MI}D I}:I':'
= 40 @ cfcc ws(3842) ® ®
- o ® o X(3960)
® o e Tec(3875)
3.5 A e . .(3327)°
® 99 py3g0n)ne ET - 0,(3185)°
- D,(3000)° D/, (28B0)" * 3066)° = : To.ol2300)2 , -
301 m bgg  DOooore 3 M;BE-DJ %E%EEH? - oany®  @TI300) i ;ﬁ':{gggg:)
] . ! k = =)
25 - ﬂ?q gﬁ;‘;g;i Dy (2760 ®p,(2590)
B cooqqq
2-0 T T T T T T
20 2018 2019 2020 2021 2022 2023

patrick ko

T T T T T T
11 2012 2013 2014 2015 2016 2017
30 1€ Date of arXiv submission

ch 2023-08-16

ppenburg@cen

25



Charmonium pentaquarks

stb’ s*D*° | PRL 115 (2015) 072001
s f : : PRL 122 (2019) 222001
= 1200 :
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https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.122.222001

Candidates / (17.3 MeV/c?)

Tetraquarks W|th 4 fIavours
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Tes and Tes structures in
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Candidates / (0.014 GeV)

(=]

24 26 28 30 3 s
M(D+Jr‘) (GeV)

Candidates / (0.014 GeV)

oo}
S
T

] it IR T, .
2.2 2.4 2.6 2.8 3.0 3.2 34
M(D;} ) (GeV)

__________

PRL 131 (2023) 041902

Data
Background
Total fit

D, (2460) Dt
Dy (2600) Dt
D5 (2750) D
D; (2760) D}
D(3000) D;f
D*(2010)~ D}
T,(2900) D
Dn S-wave D}

27


https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevLett.131.041902
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Double charm hadrons

PRL 119 (2017) 112001
Nature Phys. 18 (2022) 751
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https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1038/s41567-022-01614-y

New hadrons!
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LHCb as of today



LHCDb Upgrade |

VELO pixels & thinned RF foill
- better vertex resolution

Upgraded Calorimeter Front-
All software trigger End electronics \
_ better efficiency A IR
: Upgraded muon Front-End
Higher instantaneous luminosity A electronics
- more data, more precision Magnet  \sciFi  RICH2 { Remove M1

Tracker

New Pixel

.......

[/

Designed to collect 50 fb* '\ e e
— %10 data increase vs. today @8 .

New RICH PMTs
Upgraded electronics




Pixel VELO

Identification of displaced vertices crucial to identify B decays at hadron colliders
Commissioning ongoing!

60, ’
“r Beamspot
r 109 o
20— 2
Oj 0
. 104
20 P
—401—
4 2 :
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Data processing at 30 MHz

Traditional HEP trigger model:
— select interesting events with loose criteria for
later offline analysis

At high luminosity, every pp bunch-crossing
contains a potentially interesting event

Need a new paradigm

— full software trigger

— first level trigger (HLT1) implemented in GPUs
— offline quality reconstruction: calibration and
alignment performed before HLT2

— select relevant information in each event to
store for offline analysis

n.b:
data rate from LHCb detector (32 Th/s)
global internet traffic 2022 (997 Th/s)

32Tb/s

Comput.Softw.Big Sci. 6 (2022) 1

200G 1B

100GbE

10GbE

: 173
Event Builder
servers
Three TELL40

readout boards
per EB server



https://doi.org/10.1007/s41781-021-00070-2

Peak luminosity [10** cm2s]

Why stop there?

Run 1 Run 2 Run 3 Run 4 Run5 Run6
16
e i 5 . A M A
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12 oy
actual / 250 '»
L ] o
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8 to fully exploit HL-LHC / -
150 —
6 ©
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= Q
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e S— S
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The future ... LHCb Upgrade Il



Crucial to use
precision timing

information to
separate primary
vertices in same pp
bunch crossing

// Side View
/ Magnet &
/

Vert % T

ex < i I

Locator

Need for radiation
hardness presents
significant challenge

&Silicon , —

Magnet Stations SciFi TORCH
RICH2.

— 0

[1_H

LHCb Upgrade ||

Tungsten
ECAL

MNeutron
Shielding

h — |
[ —— L.

LHCB-TDR-023

Unprecedented data
rates to be processed
in real time

T

Phase-1l1 Upgrade
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http://cdsweb.cern.ch/record/2776420

The need for timing

Run 3: pile-up ~5

, Y (mm)

8850288

, Y (mm)

W= =
8800088
T

Upgrade II: pile-up ~40

z (mm)

High LHC luminosity achieved by increasing number of pp interactions per bunch crossing
Large detector occupancies — many possible fake combinations

But LHC bunches are long (~50 mm); collisions in each bunch crossing occur over ~0.2 ns
Detection with ~20 ps resolution per track gives new handle to associate hits correctly
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The need for timing
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I -0.5
=10

Aligned time [ns]
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- -0.080

I _0.085
~0.090

High LHC luminosity achieved by increasing number of pp interactions per bunch crossing
Large detector occupancies — many possible fake combinations

But LHC bunches are long (~50 mm); collisions in each bunch crossing occur over ~0.2 ns
Detection with ~20 ps resolution per track gives new handle to associate hits correctly
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Vertex detector (

—

VELO)

—

Candidate sensors

- —

— thin planar, LGAD, 3D

Candidate ASICs (28 nm technology)
- VeloPix2, Timespot
Mechanical design challenges

- cooling, module replacement, minimisation of
material (RF foil), vacuum compatibility

Fast tracking, tagging also important for
kaon experiments (NA62/HIKE)

- maybe also for neutrino experiments?
(see EPJ C82 (2022) 465)

39


https://doi.org/10.1140/epjc/s10052-022-10397-8

MAPS tracker

* Central region of SciFi tracking
stations to be replaced with
silicon detectors

* Use MAPS technology, also for e x|
Upstream Tracker (UT) | |

- Can meet radiation requirement
(3x10*° neg/cm? at UT)

- First large scale tracking detector
with this technology . | -

— Building on experience from STAR,
ALICE, ATLAS and mu3e




Electromagnetic calorimeter

 LHCb ECAL not replaced (except electronics) in Upgrade |
— in Run 3 will operate at 25x its design luminosity!

* Proposal for crystal fibres (SpaCal) in central region + Shashlik (outer region)

— timing information (o: ~ 20 ps) used to help suppress background

Occupancy, front section, ETceII > 25 MeV

X [mm]

C—— scintillator @@ mirror
@G absorber G light guide

front back
—» Beam direction
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RICH

* Add timing window to reject out of time hits

* Requires new photon detector (SiPM and MCP devices under test), electronics
(FastRICH development of FastlC ASIC under development) and optics/mechanics

108§ ; ; 4 ———
E 3 _200ps
107 & _ 2 70 ps R1, 500 ps R2
= 100 ps
>
g 10 |~ Upgrade I (no time)
(7] C
§ *50ps
b=
w
a
]
=
c
L
o
| | | | ] B I S TR A e ML, AR MR AR
0 5 10 . .15 20 25 70 80 o 90 100
Detector hit time [ns] Kaon ID Efficiency / %

FE ASI FPGA LI o[} |NZS | Back-end | ZS ;
Upgrade | | Senser R s o 155 bk

Sensor FE ASIC ZS | elvile- I8 ZS | Back-end | ZS "
Upgrade Il | _ Sensor EasIC Optcaling ack-end | 25, it 4 time 42




TORCH detector

6, = 0.45rad

 Highly-polished quartz plate used as Cherenkov
radiator: 1 cm thick (~10% X )

* Photons transported by internal reflection +
focusing optics to photon detectors. Arrival time
and position of photons measured precisely

\,,\\\\'\\\,\/>

14

8. = 0.85rad

* Measured Cherenkov angle is used to correct for
dispersion in the quartz: TOF+RICH - TORCH ;\

e At ~10m downstream of collision point, require .
per track resolution of 15 ps for 30 K/mt Y
separation — per photon resolution of 70 ps. ¢ g,

- “Start time” t, can be determined from timing of >/
other tracks from primary vertex yL/ yL

- Associate tracks to correct vertices > X |
1 1 66 cm

250 cm

- Reject “ghost” tracks

Performance demonstrated in test beam with half-size module: NIM A961 (2020) 163671 43


https://doi.org/10.1016/j.nima.2020.163671

LHCb Upgrade Il physics impact

LHCB-TDR-023

Observable Current LHCb Upgrade I Upgrade II
(up to 9~ (23fb71)  (50fbY)  (300fb71)
CKM tests
~v (B — DK, etc.) 4° 1.5° 1° 0.35°
s (BY — Jfpe) 32 mrad 14 mrad 10 mrad 4mrad
Visl /| V| (A — pp~ D, ete.) 6% 3% 2% 1%
ad (B — D~ ptw,) 36 x 1071 §x 107 5x107t  2x107?
a¥ (BY — D} ptv,) 33 x 1074 W0x107*  7x107*  3x10™*
Charm
AAcp (D —» KYK-,7tx~) 29 x 10~ 13x107°  8x107% 3.3x107°
Ar (D° = KK~ ntr™) 11 x 10™ 5x 107°  32x107° 1.2x107°
Az (D° = Kdntn) 18 x 10~ 6.3 x107° 41x107° 1.6x107°
Rare Decays
B(B" — utp™)/B(B? = ptp~) 69% 41% 27% 1%
S.UJJ (BE: — ,u.ﬂu.’) — — — 0.2
AR (B0 5 K*octe) 0.10 0.060 0.043 0.016
Al (B0 5 K*0¢ter) 0.10 0.060 0.043 0.016
AST(BY = ¢) o 0.124 0.083 0.033
Sy, (BY — ¢7) 0.32 0.093 0.062 0.025
s (A) = A7) o 0.148 0.097 0.038
Lepton Universality Tests
Ri (Bt = K+etim) 0.044 0.025 0.017 0.007
R+ (B — K*0¢ti7) 0.12 0.034 0.022 0.009
R(D*) (B® = D* 1*y) 0.026 0.007 0.005 0.002
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http://cdsweb.cern.ch/record/2776420

Summary

Flavour physics provides a powerful zeptoscope to probe the smallest
scales

- complementary to Higgs physics and high energy probes

Enormous progress with breath-taking results from first phase of LHCb
- some tensions with SM predictions to be understood

Exciting prospects for 2020s with Belle Il and LHCb Upgrade |

Developing technology for the new eyes of LHCb Upgrade Il
- Many opportunities, new collaborators welcome
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Back up
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sin(2p) = sin(20,) FEZA

PRELIMINARY

HFLAV world average
2023 (preliminary)

sin(2B) = 0.708 + 0.011

Precision now an order of
magnitude better compared to
first observations of 2001

‘BaBar Jiy K
PRD 72 (2009) 072009

BaBar Jhy K
PRD 7@ {EDOQ% 072009

BaBar y(2S) Kq
PRD 79 (2009) 072009

Belle Jhy Kq
PRL 108 (2012) 171802

Belle Jiy K
PRL 108 (2072) 171802

Belle y(2S) Kq
PRD 77 (2008) 091103(R)

LHCb Run 1 Jhy Kg
JHEP 11 (2017) 170

LHCb Run 1 y(2S) K
JHEP 11 (2017) 170

LHCb Run 2 Jhy Kg
LHCb-PAFPER-2023-013

LHCb Run 2 w(2S) K

p———————:
LHCb-PAPER-2023-013 :

H———ae——|

e

065?+0036+DD'12

0.694 £ 0.061 = D.D:31

G.E-Q?;i‘ 0.100 + D.C!:alﬁ
0.670+0.029 + D.DEI 3
0.642 +0.047 = D.Di?‘l
0.718+£0.090 + D.Déﬂ

0.750 + D.D;J-D

0.840 £0.100 £ D.D;’I 0

0.720 +0.014 £ 0.007

0.647 £0.053 £ 0.018

World Average 0.708 + D.Di1 1
IHFLA‘-.F . . _ .
0.4 0.5 0.6 0.7 0.8 0.9 1
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Candidates / ( 27.5 MeV/c?)

Testing the SM with highly suppressed Bs)° - p*u-

PRL 128 (2022) 041801
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https://doi.org/10.1103/PhysRevLett.128.041801
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-006/index.html#Sum
https://link.springer.com/article/10.1007/JHEP04(2019)098

Testing the SM with rare B decays

Lepton universality in B - K®I*I- decays

Nature Phys. 18 (2022) 277

Ri(1.1 < ¢* < 6.0GeV?/c?)

[JHEP,2020 ,40 (2020)]]

LHCDb only

R - ¢% €[0.1,6) GeV?/c?

+0.042 +0.013
0.846 ~ /030 ~ 0'012

/////// \

< Tension (3.10) \

with SM prew
\\777 o

~ 240 . e , ,
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2 200 iy — Data 9 fb > SOk —4+ Data 9 fb g% €[0.045,1.1] GeV2/¢* p——o—ri
S 180N — Total fit = c — Total fit
§ 1608 4l s Bt— Ktete- ST o] S S TR B'— K*utu- [PRL 128 (2022) 191802]'
= 140 BB - Jy(ee) KT | ~ F Combinatorial : 5,
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https://doi.org/10.1038/s41567-021-01478-8

LHCb Upgrade | commissioning
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Observations of SM standard candles

Vertexing, tracking, calorimetry and
particle identification all working well

Resolution will improve with calibration
and alignment
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