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Overview

* Particle physics and frontiers
* Some flavour history
Flavour as a predictor
Belle and CP violation
Belle Il and complementarity with LHCb
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* Current cooling topic
Anomalies

* Future
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The standard model flavour
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The standard model
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Problems

* Empirical
Neutrinos are massive

Dark matter
Dark energy!!!!
Matter rather than antimatter
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Gravity

* Aesthetic
Why three of everything?

Why eighteen parameters?
Many with a distinct hierarchy?

Why do we need to know them to 18 decimal places?

Unification




ATLAS SUSY Searches* - 95% CL Lower Limits
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Problems:
addressed by flavour

* Empirical

Neutrinos are massive

Dark matter

Dark energy!!!!

Matter rather than antimatter
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Gravity

* Aesthetic
Why three of everything?

Why eighteen parameters?
Many with a distinct hierarchy?
Why do we need to know them to 18 decimal places?

Unification




* Particle zoo of mesons and

Flavour physics - history of discovery

baryons discovered in 1950s and
early 1960s lead to the quark
model

up (u) _
down (d) S W

strange (s) — T/l +
* An allowed but rare decay such d 1 1
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Kj(sd)— "y

* Predicted but not seen!




Flavour physics - hlstory of discovery
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ARGUS: B mixing = heavy top

OBSERVATION OF B°-B" MIXING

ARGUS Collaboration
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: 1/
CKM matrix <,0§”{9 ”Ssmﬂb d’
(bt o))V, V., S
- . : —31fi16’ osé’b S
* Two by two mixing matrix v, st 2818

proposed by Cabibbo

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

Relative magnitude of elements

* 3 x 3 unitary complex matrix

4 parameters
3 mixing angle and
* Intergenerational coupling\
disfavoured Responsible for

CP violation
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Visualising CP violation:

the unitarity triangle
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B elle Belle Detector

Aerogel Cherenkov cnt.

SC solenoid - n=1.015~1.030
Operation from 1999 to T — s N
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CKM measurements L iy
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800 - ¢ I i f ] ] Y(1S): K
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The Golden Mode

B’ — J /wK] sensitive to

B = arg(——VCchf j
ViaVio

b x = b c
I/:;:':b A C J/ 1'[ I/'c b‘ \ G J/?,[‘
8 \\
BO ; 70 i
Ves B L’C*S
5 . 5
d d s b g K%

CP violation in the ‘interference of mixing and decay amplitudes’ — decay time dependent

) L[ B°(At)—> f|-T[B°(At)—> f ] o
Aep (A1) = F[Z_?O(At)—>f]+F[B°(At)—>f] =S, sin(Am,At)—C, cos(Am,At)

InSM §, =sin2f and C, =0 when no CPV in f
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Chiara La Licata ICHEP
Conference note in preparation

Time-dependent CPV violation

7-GeV electrons on 4-GeV positrons produce Y(4S) that decays promptly in a quantum-coherent BB pair

U+
M Bsio => fully reconstructed in a final
B_'J/"_IJKS: _____ state fcp common to B0 and BO
Bsig BO et Ko TOT Btag = only flavor information +
L A ) vertex position
Y(4s) .ot —
>/, o)
3 >4 ot _8
., EO 8
o T Key aspects: <
tag . @]
At « good vertex resolution
Signal yield: 2774 + 55 * high tagging efficiency
103 | Belle Il (Preliminary) — Total fit shape
[Ldt=190fb! seeeee B JJpK2

Il Background

eeri(Belle Il) = (30.0 + 1.2+ 0.4)%

=
o
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AE = Eg — Epeam (in c.m. frame)

Candidates / (0.005 GeV)
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sin2¢1 results

[ |yield: 2774 +
Apply analysis to Bo—=J/p Ks® sample Signal yield 55

. 250 Belle Il (Preliminary) 0
Source o(Scp) o(Acp) 2 200 [Ldt=190fb? + Btag
Statistical 0.0622 0.0439 1N
BY - D™~7t sample size | 0.01T1], 0.0093] ‘2’
Analysis bias | 0.0080] 0.0020 o
Signal charge asymmetry 0.0027 | 0.0126] E
wé" = 0 limit 0.0014 0.0001 'E _
Resolution function parametrization 0.0039 0.0008 ] _§
TR0, Amy 0.0007 0.0002 a
Alignment 0.0020 0.0042 2 =
Beam spot 0.0024 0.0020 2 =
Momentum scale 0.0005 0.0013 ;
o a; binning 0.0050 0.0051 2
Multiple candidates 0.0005 0.0008
Tag-side interference 0.0020 | Fpooe At [ps]
Total systematic 0.0159 %0173 Scp= 0.720 + 0.062 (stat) + 0.016 (syst.)
Milestone: tools are ready for an impactful sin2¢: measurement Acp =0.094 £ 0.044 (stat) +0'0‘?'§_m; (syst.)

What next? Gluonic penguin modes B® —» ¢K and B - n'K - BSM physics can shift Sg, and A,




Over constraint
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Belle and Babar achievements

Integrated Luminosity in fb”
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Belle II's rival LHCb in a sllde

13 TeV pp collisions

trillion bb/2 fb—1

6fb~1@ 13 TeV

+3fb 1@ 7/8 TeV
Forward geometry gets
both b quarks in
acceptance and boosted —

exploit b lifetime to
separate background

RICHes for mt/K separation

Full trigger bandwidth for
B physics
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Belle II: can never have too much
of a good thing (x 50 Belle)

* Butisn’t LHCb doing this already?

agpp (nb) ~150,000 ~1
[Ldt (fb™) L ~25 ~50,000 ~
Background level Very high Low %i
Typical efficiency Low High g
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 B., B, b-baryons Partly B
T physics capability Limited Excellent

B-flavor tagging efficiency 3.5-6% 36%




“Moore’s” Law of Luminosity
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The path to higher luminosity

2dTI=0adlT) pdararmnegier ﬂ
Beam-beam paramet §OC

Lorentz Beam current
factor - ”/ E
™,
“"" " ﬁr’!
y . o, t...‘ Lumi. reduction factor
L= #(1 +—= | == (crossing angle)&
zﬁji- . a, ~_ Tune shift reduction factor
; (hour glass effect)
Classical election ~ / ok
radius / 1. (short bunch)
Beam size ratio@IP Vertical beta function@|P

1 ~ 2 % (flat beam)
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(1) Smaller §,* (20 x)

(2) Increase beam currents (~2-3x)

uurglass condition:
p: By">~L=0,/0

83 mrad

(who crab)

22mrad

Tpm

1 tum i = [ 23 J
= ; E 100pm 7~
Smm — /




SUPERKEKB

BEI le 1l Two separate focusing
r duads/each 2 beams
closer to IP;
Superconducting /
permanent magnets

Mew

LERe 2.1A >

Mew beam pipg \
<

L HERe*3.7 A

5 L

More RF/modify RF
systems.

b
[ER Chares]
(B Channel

Wy Eeam
BR
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Replace long dipoles with
shorter ones in HER

b
M p——

Redesign the HER arcs to
reduce the emittance

Low emittance positrons

New positron target /
capture section




Integrated luminosity
S O far Belle Il Online luminosity Exp726 All runs

517 integrated luminosity 77

mmm Recorded Weekly 2021 2022/
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Belle II Collaboration
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Belle I1

Csl(Tl) EM calorimeter: _ 7.4 m RPC u & K, counter:
waveform sampling e ) - ., scintillator + Si-PM
electronics, — h for end-caps

/|3

o L e — M | _8
4 layers DS SiVertex = “A P 3 | : &
Detector — = - - L S
2 layers PXD (DEPFET), | f 5.0 m
4 layers DSSD

| \ " Time-of-Flight, Aerogel
S Cherenkov Counter —

Time-of-Propagation counter
(barrel), : ]

prox. focusing Aerogel RIGH
(forward) .

Central Drift Chamber:
smaller cell size,
long lewver arm




Belle II - Silicon Vertex Dectector

Only one layer of pixels for Phase lll
Layers 1-2: Pixel Detector
Layers 3-4: Strip Detector

Closer to IP

“VXD-only" tracking
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DSSD sinp laypers




SVD performanr-=

z,-Resolution o [um]

ofelle/Belle Il

—
140- Fit function: eo=\/a+ DZ
= pBsin(@™*
1EDJ: Belle SVD2 cosmic (Data) BN715
[ —s— a= 263+ 04um
100 b= 329z 0.8 um GeVic
- Belle Il single track events (MC)
80~ mmmm== 2= 115+ 0.1um
C b= 17902 um GeVic
SD__:- | [} [}
Y IP resolution
b  reciion [
L
20_
U_' |
24 "
22 s s —$—— i
P e e T
1.8FT"F
0 3 4 5 [ 7 8

|

pBsin(@)®2 [GeV/e]

Belle a factor two worse than Belle Il

PRL 127, 211801 (2021)

IJI — !.}I:JJT..I
Dn° — Kr 4
10 b

1 [ps]

Belle Il decay time resolution
nearly twice as better as Belle's

Belle I
(D% =(410.5%1.1%0.8)fs

(DY) =(1030.4 £ 4.7 £3.1) fs

World Average Value
(410.1 £ 1.5) fs

(1040 7)fs
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HOT TOPIC: ANOMALIES




Overview of modes with
anomalies

* Flavour changing neutral current b—sll at loop level only
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* Tree level b—>ctv semileptonic

s -__

b—sll New physics reach
b W NV O(10 TeV) experlment
B i b—ctv Three experiments New
c physics
B near the

EW scale
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B-K'(892)FF " ..

* This is a rare flavour changing
neutral current process

* The four-body final state allows
differential distributions to be
probed

2 '8E New thSiCS 1 tree level b — cE.s]
contributions possible as they -*’«"‘1“'1?5(7
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appear via interference c.f. s2s)

forward-backward asymmetries .

. e i

ine'e A c" o
o Bl

Long distance
contributions from (¢
above open charm
threshaold

* Also variation with the
invariant mass of the |t~
system - g?

4 [m(p)]?




B—K'(892)I'I nomenclature

1 d*r 9
dl/dg? dcos#; dcosfy do dg?2 327

3
[1(1 — F) sin? By + F; cos® Ok

1
+ 1(1 — F) sin Ak cos 26,

— F; cos® @k cos 26, + S sin® Bk sin® §; cos 2¢
+ S, sin 26 sin 260, cos @ + S5 sin 26 sin f; cos ¢
+ Sg sin® Bk cos B + S; sin 26k sin @ sin ¢

+ Sg sin 26 sin 26, sin @ + Sg sin® Ak sin® A, sin 26
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* Goal is to measure this 4D differential distribution and extract
the coefficients from data to compare to the SM predictions

* Much work on defining observables with minimal theoretical
uncertainties

* Let us focus on S¢ which get normalized as P, =\/
to minimize form factor uncertainties




Theory: S. Descotes-Genon et al., JHEP 12 (2014) 125

P." anomaly: the first b—sl*l

* Constructed in such a way that the form factor
dependence is minimized

EL,W — T r T 1 1 T
o« LHCbdata ©o ATLAS data ]
= Belledata © CMS data ]
.SMfromDHMV ~ _
- SMfromASZB 1 Note thisis :
: 1 just for 5
i H R &5 1 BoK¥uu-
—0.5 - .
: 2 + . 2 time to talk
L ﬁ 7 about LHCb

0 15
7 [GeV?* ]

> 3 o disagreement with Standard Model




Tests of Lepton Universality
VlOlathn (LUV) EEMJHEP08(2017)055
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E — S
5 5500 N0 2
m(K*n-e*e) My /%] i
O
\ =
\
 Standard Model prediction ~1 to a few LHCb oy,
————— —* ur -]
% P Combinatorial E
W A, —Kpily 3
B RSE "y

limited theoretical uncertainties
K Jiwpp) E

« B—>K"J/y(I*17) bountiful control channel

Pulls Candidates per 10 MeV/c?

5600 5300__
mi( K ) [MeVie?)




Candidates per 24 MeV ¢°

The results: muons low

B—K'I'l- PRL Nature Physics 18 (2022) 277 —Run 1+ 2

240 =
290 LHCb 600 - LHCb BaBar _
200 —— Data 9 fb™" % 500 F —— Data 9 fb" = 01 <g?<atz GeV? ot
180 H‘_ : — Total fit > C —— Total fit
160 o B'~ K'e'e” = 400 [~ e Bl = Kl ?.a:)lliqz-:s.o Qevict
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B—K'I*I- JHEP 08 (2017) 055 — Run 1 (25% data)

Pulls Candidates per 34 MeV/c?
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Counts / (32.00 MeV /c?)
‘J"_\_
S

Counts / (32.00 MeV/c?)

E
st),| 1.4
st)
Llfl}ClSt),
. 91fb™
St). ]..2

arXiv:2212.09153

LHCb

9fh~!

Data
SM

arXiv:2212.09152
Ri  low-¢>2 =0.994700%
Ry central-¢> = 0.949701%
Ri-  low-¢* = 0.9277)0%
Ry central-¢> = 1.027+007
1

Y2=1.6,p=0.812, 0 =0.2

S %

i 210
S~

- LHCI 0.8

- O fh™ I

- 0.6

+ 'r-
| Ry low-¢°
Nothing to see here ......

Ry central-¢?

except the importance of understanding particle ID

Ry low-¢°> Rpg- central-¢

That does not mean these modes uninteresting
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Entries / 0.05 GeV

140
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20

CMS-PAS-BPH-21-006

CMS Freliminary

Vs =13 TeV, L = 140 fb"
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Anomaly related: B y—pp” -

CMS +0.44
BPH-21-006 " 1 3.837,,
LHCb +0.48
PRL 128 (2022) 041801 ' - ! 3.097,,
ATLAS+CMS+LHCb +0.37
BPH-20-003 —— 2.69 755
CMS +0.72
JHEP 04 (2020) 188 - 2947 ¢
ATLAS +0.8
JHEP 04 (2019) 098 . 287,;
SM Prediction
Beneke et al, JHEP 10 (2019) 232 ! T ! 3.66 = 0.14
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B(B] > w'w) [107]

Highly suppressed in the SM

Therefore, readily enhanced by non-SM

contributions

Clean experimental signature
Theoretically clean: decay constant vs

form factors
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Semi-tauonic decays

* Tree level in the SM but allows lepton universality tests

‘u-l-/‘,r—i- ,u,"_/’r-'_
b W+ v b ’H+< v _8
B B S
C C g
D D* =

* Measure ratios to reduce theoretical and experimental
uncertail B —Dr . B—=DT1
RD) - [B—=Drv) D) I3 D*:rv)
(B — D(v) I'(B—D (v)

* BaBar reported an anomalous result PRL 109, 101802 (2012) much
activity since




Belle results

* Tag signal by fully reconstructing or
identifying a semileptonic (SL)
decay of the other B

* Then use residual energy in ECL,
missing mass, multivariates and/or
lepton momentum to separate
signal

* Example: Phys. Rev. D 94, 072007

(2016)
Semileptonic tag
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LHCb-PAPER-2022-039 in preparation

* LHCb also in the game using their vertexing prowess — Run 1 data
only 3 fi

* Use B flight for transverse momentum and approximate full
longitudinal boost to measured component - 20% B momentum
resolution

[®)
o
Lo
O
0
=
O

* Template fit in bins of g?, E, and missing-mass square in B’s frame
New: simultaneously fit to D and D* signal + control samples

9.35 < q* < 126 GeV/e* LHCP preliminan3 BEB-Duv
BEB->D v
BlB-D uv
Comb. + Fake
BB D’ TR
B—-D'DX
B B—->D1tv
BB D tv

Template stats

935 I P<126 GeVz/é“ LPfIbClb preliluin;nyg
3 . -
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Signal 2
Norm

0 5 10 1000 2000
Missing mass® (GeV / ¢*) E, (MeV)
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FLAVOUR FUTURE




LHCDb status

< 9 fh-l —————» 4——— Goal: 50 fb! = <+——— Goal: 300 fb-! —»
Upgrade 1 Consolidation Upgrade 11

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6

2011 2012|2013 2014|2015 2016 2017 2018§2019 2020 2021|2022§2023 2024 2025{2026 2027 2028|2029 2030 2031 2032)2033 2034§2035 2036 2037 20392040 (2041 2042

New silicon vertex, tracker and
SciFi tracker

40 MHz readout — factor 2-4 more
in the trigger efficiency for
hadrons (not so important for
anomalies)

LHCb will continue to have a big
impact

CMS and ATLAS also focusing
more on B-physics in the future

Side View pear HCAL a4 MS

RICH2

SciFi
Tracker

upgrade

[®)
o
<=
O
(%]
=
O




Belle II data-taking plan

High backgrounds from
the beams have made
stable running at high
luminosity difficult

10 ; ; . 60
'T— Lpeak(Target)
w
We have not accumulated .~ 8 | Int. L{ab-1] 50
data at the rate 2 | 40
anticipated 1 6 | Longshutdown 2 for upgrade of |
2 detector and IR 130
g 4 \,
Long shutdown ongoing: E 20
=
accelerator and detector - 2 |
: © 110
improvements @
0 I
2019 2024 2029 2034

Path to 2 x 103°cm™2s7!

but thereafter more work
required




Some Belle Il prospegl;g
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. Data
10+
18 — R(x) g
160 — R(m
L —— R(D
£ 14 e== RED; < 0 Rpw &Ry 20
Foph— RS 6 B Rym&Rw 10 i =
§ [ R L B Br[Bs>11] £
£ 10} e R(D* @ s S
L 1 TN 4 B Br[B->K*11] <
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~ N G e e <12x10°7
1.1 1.2 1.3 14 1.5 < 6.8 x 10-4
RxIRS" <6.5% 1074
. . 4
https://arxiv.org/pdf/2207.06307.pdf - Belle Il Snowmass v = 1.0 X 1V <95.3 x 10

Nitty gritty and up to date predictions of what we can achieve



https://arxiv.org/pdf/2207.06307.pdf

Conclusion

* Particle physics is tackling its problems on three
complementary frontiers

Energy
Cosmic
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Intensity
* Flavour physics has played a significant role in the
development of the Standard Model
* Belle Il and LHCb are project that will continue
flavour physics at the intensity frontier until the
end of the decade
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