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 Latest highlights in CP violation
 Latest highlights in rare decays & lepton universality tests

e Future prospects

 Most results from LHCDb, but notable measurements also
from BaBar, Belle, ATLAS & CMS

* Not enough time to cover the wealth of exciting recent
results, including ...
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The LHCDb detector

* In high energy collisions, bb pairs produced
oredominantly in forward or backward directions

 LHCDb designed as a forward spectrometer
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Integrated Recorded Luminosity (1/fb)

LHC Integrated luminosity

LHCDb ATLAS (similar for CMS)
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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

Most results today on Run 1 + 2015+16 — still much more to exploit
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CP violation
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3 from penguin-free transitions

PRL 121 (2018) 261801,
PR D98 (2018) 112012

« Standard method using Bo - J/PKg reaching precision
where penguin effects may be a concern
Analysis of Bo— Dho, with D —» K Tt+11- provides penguin-free
alternative, and cos(2[3) in addition to sm(ZB)
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3 from penguin-free transitions

PRL 121 (2018) 261801,
PR D98 (2018) 112012

sin 26 = 0.80£0.14 (Stat.) = 0.00 (SySt.) = 0.03 (model),
COS 25 = 0.91 == 0.22 (Stat.) = 0.09 (SySt.) + 0.07 (model).
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3 from penguin-free transitions

PRL 121 (2018) 261801,
PR D98 (2018) 112012

sin 25 = 0.80£0.14 (Stat.) = 0.00 (SySt.) + 0.03 (model),
COS 26 = 0.91 == 0.22 (Stat.) = 0.09 (SySt.) + 0.07 (model).
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y from B - DK, with D - K_1T"11"

* Model-independent GGSZ method

 Data from 2015-16

» Uses hadronic D decay parameters

(c.s) from CLEO-c
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y from B - DK, with D - K_1T"11"

JHEP 08 (2018) 176

* Model-independent GGSZ method s 2
e Data from 2015-16 _
» Uses hadronic D decay parameters ;
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v from B - DK (and others)

JHEP 08 (2018) 176
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Data

Time
Taggi

@, from B_°— J/po (LHCD)

LHCb-PAPER-2019-013

from 2015-16

Signal yield ~ 120k

resolution 0, ~ 45 fs
ng power ~ 4.7%
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®_ combination

ATLAS-CONF-2019-009,
Also new LHCD results using B ° - J/PTt*TT- LHCb-PAPER-2019-013,
= LHCb-PAPER-2019-003
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Charm mixing with D - K_TT*TT

LHCb-PAPER-2019-001

* New “bin-flip” method PR D99 (2019) 012007

* Inspired by model-independent

GGSZ method to measure y

e Similar to D - Kt WS/RS analysis

 Data from 2011-12
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Charm mixing with D - K 1" 11"

* New “bin-flip” method

* Inspired by model-independent
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Observation of CP violation In

charm decays

LHCb-PAPER-2019-006

. 0_, -\ __ 0_, —
. AA_, method: A_,(D° - K*K") — A_,(D° - TT*TT")
e minimises systematic uncertainties due to production or detection asymmetries

e Data from 2015-18, combined with previous Run 1 results
 tags from both D** - D°t* and B — D°u~X decays

e full LHCb data sample!
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Observation of CP violation In
charm decays

LHCb-PAPER-2019-006

Results with Run 2 data:

AATS884 = [~18.2 3.2 (stat.) & 0.9 (syst.)] x 107,
A AL — [—9 4 8 (stat.) & 5 (syst.)] x 1074,

< LS :
— g LHCb ¥2/ndf 7523715 3
N p-value 0.941
3 05F _:
Bpp ek
g by g 4
—05F 42015
- 42016 ]
-1 42017 3
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Run block



Observation of CP violation In
charm decays

LHCb-PAPER-2019-006

Combined with Run 1 results: 5 30

AAcp = (—15.4 T 2.9) X 10_4,

Adapted from
PLB767 (2017) 177

—0.5 0 0.5
Acp(m 7)[%]
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Rare decays & lepton
universality tests



Status of b — sl|I” processes
pre-Moriond 2019

e Several “tensions” with the Standard Model

* Branching fractions of exclusive b - spy"u~ decays
« Angular analysis of B®— K*y*u- S {___,.::__,!i.,..:/j:
- Lepton universality tests: R, =
» No single measurement above 50 significance 1
« Consistent picture of deviations in model-
Independent global fits ReCy
« Keen interest in updates gy |
« Especially for the theoretically clean Ree observables || | B

Re C




B - Uy (LHCDb)

PRL 118 (2017) 191801
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Events / 40 MeV
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Photon polarisation in A_— Ay decays

LHCb-PAPER-2019-010

« Can exploit baryon spin to determine S T T T

photon polarisation é’ 25 - Signal

[ ---- Combinatorial

» Very challenging decay topology for LHCb > | Aﬁ—)/lnt

« Dedicated trigger since 2016 Ezof
* Measure branching fraction relative to 2 150

BO—>K*Oy g

560 &'
B(A)— Ay) = (714+£15£0640.7) x 107¢ >
0 L F | i

L . 5000 5500 6000 6500
* Photon polarisation measurement will be m(pr Y (MeV)

possible with larger samples
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Candidates / (25 MeV/c?)

Also recent results from Belle on B° -

Photon polarisation in B °— @y decays
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Lepton universality
R = B(B - Kpu)/B(B - Kee)

Deficit of B — Ku*u~ compared to expectation PR IS () ST

also seen in Ky'p/Ke'e™ ratio (R )

e LHCb g BaBar 4 Belle

Example mass fit for Ke'e™ v T T T
Note huge tail due to energy loss R : LHCb 1
e - 1.5F il .
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Update of R, (LHCDb)

Add 2015+16 data

B(Bt— Ktutu™)
Ry =

Improved reconstruction and selection
Better understanding of electron efficiency

Exploit double ratio method — extremely robust
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Update of R, (LHCDb)

LHCb-PAPER-2019-009

 Add 2015+16 data b LHCb
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Add 2015
Improved
Better und

Exploit dot

B(B*
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« Validate w
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* New Run |
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Update of R, (LHCDb)

LHCb-PAPER-2019-009
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m(K utu~) [MeV/c?]
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Pulls Candidates per 34 MeV/c?

Pulls Candidates per 34 MeV/c2

R..= B(B - K*up)/B(B - K*ee)

JHEP 08 (2017) 055

25

20

15

-
-----
.....

LHCb

------ B°—>K Petem

I Combinatorial
B—Xe" e

0.045<¢?<1.1 [GeV?/c*]

5500 6000
m(K*mete™) [MeV/c2]

------ B°—>K et
I Combinatorial
B—Xe e

B B —K Iy
1.1<q<6.0 [GeV?/c*]

+ LHCb

5500 6000
m(K*mete™) [MeV/c2]

Events / ( 0.0025 GeV/c?)

Pull

Events / ( 0.0025 GeV/c? )

Pull

BELLE-CONF-1901

S I I s
5.22 5.24 5.26 5.28 5
M, (GeV/c?)

New results from Belle
* Results in 3 g2 bins
« Both B° and B* decays
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Pulls Candidates per 34 MeV/c?

Pulls Candidates per 34 MeV/c2

R..= B(B - K*up)/B(B - K*ee)

JHEP 08 (2017) 055 BELLE-CONF-1901
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o~ e !
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05| r4- ¢ LHCb i
+ BaBar ]
| - SM prediction
0.0 | ) . . . | ) . . . ] ) . . . ] . . . .
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q° (GeV?/c")
m(K* 7-ete-) IMeV/e?] i SENNEE—— %
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R(D") world average pre-Moriond 2019
R(D™) = B(B - D*1)/B(B - D™Iv); I=e,u

Tension with SM at 3.80

— B I 1 1 1 I 1 1 1 1 I I I ]
X (05 —— BaBar, PRL109,101802(2012) ) ]
2 U7F  ——— Belle, PRD92,072014(2015) Ax” = 1.0 contours .
e, - LHCb, PRL115,111803(2015) e ]
0.45 - Belle, PRD94,072007(2016) e=== Average of SM predictions
""" ——— Belle, PRL118,211801(2017) R(D) = 0.299 + 0.003 ]
[ ——— LHCb, PRL120,171802(2018) R(D*) = 0.258 % 0.005 ]
0.4 —_ [ Average —]
0.35 - 4o -
0 3 [ 2o ]
u d _
025 mj
u Summer 2018 _| 4
0.2 P(x})=T74% —]
I 1 1 I 1 1 I 1 1 1 1 1 1 I

0.2 0.3 0.4 0.5 0.6

R(D)

Careful averaging needed to account for

statistical and systematic correlations

R(D*) = 0.306 + 0.013 + 0.007
R(D) = 0.407 + 0.039 + 0.024
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New Belle results on R(D™) with

semileptonic tag

« Semileptonic tag exploiting full event information
« statistically independent from previous analysis based on hadronic tags
« Determine yields from 2D fit to extra calorimeter energy & BDT classifier
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7
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New Belle results on R(D™) with

semlleptomc tag

Most precise measurement of
R(D) and R(D*) to date

First R(D) measurement
performed with a semileptonic
tag

Results compatible with SM
expectation within 1.20

R(D) - R(D*) Belle average is
now within 2c of the SM
prediction

R(D) - R(D*) exp. world average
tension with SM expectation
decreases from 3.80 to 3.10

D
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0.38F
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0.34F
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i
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L 1
v .

O 3 3
. - y
"
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0.22F
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Babar —
LHCb Combination
~— Belle 2019 SL E!Tag, T — | v v (Preliminary)
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— World Combination 2019
. SM predlctlon

IS SM prediction
] R(D) sur = 0.299 +0.003
R(D ) aN — 0 208 + 0 OOO

I|III|III|IIIIIIIlIII-..TI-_lI-.-IllIIIIIIlIIIlIII
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R
R(

— R(D)
This result

(D) = 0.307 & 0.037 £ 0.016
D*) = 0.283 +0.018 & 0.014




Future prospects



SuperKEKB/Belle |l

New intensity frontier facility at KEK
+  Target luminosity ; Lpeak = 8 x 1035cm-2s-!
= ~1010 BB, T*T- and charms per year !
Linc > 50 ab-!
+ Rich physics program
Search for New Physics through processes sensitive to virtual heavy particles.

New QCD phenomena (XYZ, new states including heavy flavors) + more

Peak Ll.llminosityTrends (Ie+e- collider) Super‘KE KB

10% =

40 tini'les higher |

I“"?im KE!.(E L peak (KEKB)
| I =2, Ix1034cm-2s-

-ID)D L
1970 2020
a

The first part:cle collider aﬁer the LHC ’
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SuperKEKB Accelerator

® Low emittance (“nano-beam”) scheme employed (originally proposed by P. Raimondi)

Machine parameters

present KEKB [(udei¢:14))

SuperKEKB KEKB T | A
LER/HER LER/HER e Vi e 100m 2
i SmEH__"“‘;-:;" .22 mrad 'mﬂm_.'ﬁ" T .
E(GeV) 4.0/7.0 3.5/8.0 crossing angle . zfogr;riig anél'e
£ (nm) 3.2/4.6 18/24 e —— o
X20 1 \ .. e+ 4GeV 36 A -
LA . \ — T o -
(By at IP(mm)  0.27/0.30 5.9/5.9 ) Y N W ciovin e —
- | e ()55
@ 32/25 120/120 o :
IP(mm)
Replace shert dipeles with
|ariger ones [LER)
Half crossing
angle(mrad) 41.5 H X2 I—‘H—"HJ}MWH
( I{A} 3.6!2.6 |6J( I 2 ) '—H—"—‘W—M—f :.:::imirranceposirronsm
e A LU i gt
Lifetime ~ | 0min [30min/200min ‘-"/
L(cm-2s-1) 80 | 034 2.1%1034

3t Inject
4 |u.‘|.. I
’

x 40 Gain in Luminosity
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Belle || Detector

+ Deal with higher background (10-20x), radiation damage, higher occupancy,
higher event rates (L1 trigg.0.5—30 kHz)

* Improved performance and hermeticity

Belle Il TDR, arXiv:1011.0352 I_I{l_ and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps , inner 2

\wbartel layers

EM Calorimeter
Csl(Tl), waveform sampling
~ Pure Csl + waveform sampli

S —
-‘1"""-'--.__

—_—
electrons (7GeV)

~— - ) ntification

agation counter (barrel)
Aerogel RICH (forward)
x lower than in Belle

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

_ positrons (4GeV
Central Drift

Smaller cell size, long le

Belle II
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First BB event seen in Belle |l detector

-150

U..“' o, r’r o ‘”a-’ i b
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The LHCb Upgrade

 Beyond LHC Run I, the data-doubling time for LHCb becomes too
long

- Due to 1 MHz readout limitation and associated hardware (LO) trigger

* However, there is an excellent physics case to push for improved
precision and an ever-broader range of observables

» Upgrade the LHCb detector during LHC LS2 (2019-20)
- Change subdetector electronics to 40 MHz readout
- Make all trigger decisions in software

- Restart data taking in 2021 at instantaneous luminosity increasing up
to 2 x 1033/cm?/s, and with improved efficiency

- Upgrade detector qualified to accumulate 50/fb

42



LHCb-TDR-{13,14,15,16}

LHCb detector upgrade

* | RICH 1 redesigned; new photodetectors Mg M3
.| for RICH 1 and RICH 2

' - HCAL
Magznet :
. l ; agne .. -""--.____* RICH? ECAL

SciFi

RICHI | 1

..... fﬂ
LIT \b_..r* f

Replacement of full =—=—— | | | |
tracking system . Calorimetery and muons:

: : ' - Redundant components of system removed;
new electronics added; more shielding included

+ novel trigger and offline data management strategies 43



LHCDb upgrade sensitivities

Table 28: Statistical sensitivities of the LHCh upgrade to key observables. For each observable the expected sensitivity is
given for the integrated luminosity accumulated by the end of LHC Run 1, by 2018 (assuming 5fh 7" recorded during Run
2} and for the LHCb Upgrade {.’]{]fl}_l}. An estimate of the theoretical uncertainty is also given — this and the potential
sources of systematic uncertainty are discussed in the text.

Type Observable LHC Bun 1 LHCL 2018 LHCb upgrade  Theory
B! mixing ds( BY — Ji) (rad) 0.050 0.025 0.009 ~ 0.003
du( BY — Jfib fo(980)) (rad) 0.068 0.035 0.012 ~ 0.01
AL(B%) (10-3) 2.8 1.4 0.5 0.03
Gluonic M (BY = o) (rad) 0.15 0.10 0.023 0.02
penguin ¢ BY = K*K*) (rad) 0.19 0.13 0.029 < .02
23N BY — oK) (rad) 0.30 0.20 0.04 0.02
Right-handed ¢=H(BY = o) 0.20 0.13 0.030 < (.01
currents (B! = ¢)/ T B 3.2% 0.8% 0.2%
Electroweak S3(B" = Kt 1 < ¢° < 6 GeV-/c?) 0.04 0.020 0.007 0.02
penguin g Arp(B" = K% u™) 10% 5% 1.9% ~ T%
A Kptp—: 1 < g? < 6GeV3 oY) 0.09 0.05 0.017 ~ (.02
B{BY = atptu~)/B(BT = Ktutu~) 14% T 2.4% ~ 10%
Higgs B(BY = putpu—) (1079) 1.0 0.5 0.19 0.3
penguin B(B" = utu ) /B(B! = ptu™) 220% 110% 40% ~ 5%
Unitarity ¥ B — DK 7° 4° 1.1° negligible
triangle 4(BY = DFK#) 17° 11° 2.4° negligible
angles A(BY = J/v K 1.7° 0.8° 0.31° negligible
Charm Ap(D" = KTK~) (107 3.4 2.2 0.5
CP violation AAdep {1{1_3} 0.8 0.5 0.12

Will not reach limiting theory uncertainty!




Personal view — not an official schedule!

LHC long term future

Bearing in mind that “Europe’s top priority should be the exploitation
of the full potential of the LHC” it seems natural to aim for a further
major LHCb upgrade during LS4

2013/14 2019/20 2024-26 2030/31

Run 1 LS:I. Run 2 LSZ Run 3 LSS Run 4 LS4 Run 5

Energy upgrade Luminosity upgrade
LHC machine
Detector Consolidation Major upgrades Consolidation
completion to handle high lumi
ATLAS & CMS
Consolidation 40 MHz upgrade Consolidation Major upgrade
LHCDb to handle high lumi

Upgrade during LS4 will allow to increase data sample
50/fb - 300/fb
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CERN-LHCC-2017-003,
CERN-LHCC-2018-027

“Phase II” upgrade

Increase total integrated luminosity
50/fb — 300/fb
Improve detector capabilities

(options currently under discussion)

Expression of Interast

- Improve EM calorimetry

CHOP s, — Increase tracking acceptance

Physics Case
for an

LHCb Upgrade Ii - reduce material
- add timing to control pile-up

Enhance HL-LHC discovery potential!

46

ysics,
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LHCDb upgrade Il sensitivities

Observable Current LHCD LHCb 2025 Belle TI Upgrade 11 ATLAS & CMS
EW Penguins
Rk (1< q® < 6GeV3ct) 0.1 [274 0.025 0.036 0.007 -
Ry« (1 < ¢% < 6GeV3ict) 0.1 [275 0.031 0.032 0.008 -
Ry, Ryk, R — 0.08, 0.06, 0.18 — 0.02, 0.02, 0.05 -
CKM tests
~, with B — DF K~ (F30)° [136] 4° - 1° -
v, all modes (i:g]o 167 1.5° 1.5° 0.35° -
sin 28, with B? — J/y K? 0.04 609 0.011 0.005 0.003 —
P, with Bg' — J/v¢ 49 mrad [44] 14 mrad - 4 mrad 22 mrad
¢s, with BY — DF D7 170 mrad [49) 35 mrad - 9 mrad —
¢55%, with BY — ¢¢ 154 mrad [94 39 mrad - 11 mrad Under study
ag) 33 x 10~ [211] 10 x 10~* - 3 x 1074 —
::b f|1‘::b| 6% 201 .}% 1% 1% -
B, B —putpu~
B(B" — putu™)/B(BY) — pt ) 90% [264 345 - 10% 21% HGT?]
TBO syt 22% (264 8% - 2% -
m — — — 0.2 —
b — cf i LUV studies
R(D*) 0.026 217 0.0072 0.005 0.002 —
R(J/) 0.24 220 0.071 — 0.02 —
Charm
AAcp(KK — 7r) 8.5 x 10~* [613 1.7 x 10—* 5.4 x 10~* 3.0 x 10— —
Ar (= xsing) 2.8 x 1074 [240 4.3 %107 3.5 x 1074 1.0 x 107 —
zrsin¢ from DY — KTn— 13 x 1074 [228 3.2 x 1074 16 x 1074 8.0 x 107 —

x sin ¢ from multibody decays

(K3m) 4.0 x 1075

(K97m) 1.2 x 1074

(K3m) 8.0 x 1076
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Summary

« Many exciting new results in flavour physics
- Improved @, determinations

- New method to probe charm mixing and CP violation
- First observation of CP violation in charm decays

- New tests of lepton universality

- ... and many more! (Apologies for omissions.)

» Excellent prospects for progress
- Most LHC Run 2 data still to be analysed
- Belle Il starting to take data
- LHCDb upgrade around the corner
- ... and Upgrade Il to exploit fully HL-LHC potential
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When are the updates coming?

“Do not look sad. We shall meet soon again."

"I call

S00N. e '}

— C.S. Lewis, The Voyage of the Dawn Treader
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