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Why flavour ?

Flavour encompasses many of the open questions of the Standard Model.

 Why 3 generations of quarks, and
why the extreme hierarchy of masses ?

171200

 What determines the hierarchical structure of the CKM matrix ?
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« The CKM paradigm accommodates CP violation,
but it does not really explain it. Furthermore, can
the study of quark flavour tell us anything about
the matter-antimatter asymmetry of the universe ?

Most importantly, flavour physics is a tool of discovery !
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Breaching the walls of the Standard Model

The HEP community is searching for ‘New Physics’ - to find this we need to penetrate
the walls of the Standard Model fortress. There are two strategies used in this search.

Make precise measurements of
processes in which New Physics
particles enter through ‘virtual loops’

Use the high energy of, e.g. the
LHC to produce the New Physics
particles, which we then detect

Both methods are powerful. Flavour physics follows the ‘indirect’ approach.



‘ Indirect measurements —
an established tradition in science

Eratosthenes was able to determine
the circumference of the earth
using indirect means...
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‘ Indirect measurements —
an established tradition in science

Eratosthenes was able to determine
the circumference of the earth
using indirect means...

...around 2.2 thousand years
prior to the direct observation.
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‘ Indirect measurements —

In flavour physics the guiding principle is to probe processes where
loop diagrams are important, as here non-SM particles may contribute

o P = ~ 7 7%
kot ‘v tqg t ‘ tb

(but as we will see, tree-mediated decays also have their role to play)

Indirect search Precise measurements of low energy phenomena
principle tells us about unknown physics at higher energies
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12001 - dawn of age of flavour
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We can date the dawn of the ‘age of flavour’ to the 2001 measurements of the CP-
violating asymmetry in B?—J/@K® decays that give unitarity triangle angle B (or @,).
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These studies, when improved with larger samples, confirmed the CKM paradigm
as the dominant mechanism of CP violation in nature (—2008 Nobel Prize),
and also opened up a rich and wide spectrum of complementary measurements.
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We can date the dawn of the ‘age of flavour’ to the 2001 measurements of the CP-

violating asymmetry in B>—J/@wK?° decays that give unitarity triangle angle 8 (or @,).
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No other area of particle physics has delivered such
a rich and extensive set of results during this period !
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These studies, when improved with larger samples, confirmed the CKM paradigm
as the dominant mechanism of CP violation in nature (—2008 Nobel Prize),
and also opened up a rich and wide spectrum of complementary measurements.



Heroes of the age of flavour

b-factories
BaBar (SLAC) & Belle (KEK)

Operated in the 2000’s

e*e- machines with asymmetric
beams for time-dep studies, mainly
at Y(4S), hence B? and B* samples.
Considered ‘clean’ environments.

CDF & DO

Tevatrons ‘general purpose detectors’.
Pioneered b-physics in hadronic collisions. & &%
Important early B, and b-baryon studies.

ATLAS & CMS

Their excellent instrumentation gives them
great capabilities in certain b-physics channels,

especially those with dilepton final states.
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‘ Heroes of the age of flavour - LHCDb

LHCb Cumnulative Integrated Recorded Luminosity in pp, 2010-2018
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Note, that majority of Run 2
80 institutes from 18 countries, data are still to be analysed
including 7 from China for most measurements
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‘ Why have we made progress?

Important flavour-physics measurements were performed prior to 2001
(e.g. at ARGUS, CLEO, the SPS and LEP), but since then there has been an
avalanche of results. What has enabled this explosion of progress?

« High-luminosity accelerators with large bbbar production cross-sections;

- Number of b-hadrons produced at LEP ~ 107
- Number of b-hadrons produced (so far) at LHCb ~ 1012

* Improved and dedicated instrumentation, e.g. vertex detectors and RICHes;
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Impact of silicon on
b-lifetime measurement

Dominated by silicon

vertex detectors at LEP

1 |
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Cherenkov angle vs momentum in LHCb RICH
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Momentum [GeV/c]

* Improved triggering, essential for hadron collider experiments;
* And not forgetting progress in theory, in particular lattice QCD. .’



‘ Four (selected) ongoing achievements
from the age of flavour

* In search of the ultra-rare: B,.—p*u-
« Electroweak penguins: BO—K®OI*- and friends
« The unitarity triangle: towards a precise measurement of the angle y

* The charm renaissance
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‘The golden mode: B —p

Standard ut b SUSY Ll’
Model

z’
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This decay mode can only proceed
through suppressed loop diagrams.

In the Standard Model it happens
extremely rarely (~109), but the
exact rate is very well predicted b ¥

Many models of New Physics (e.g. SUSY) can modify rate significantly !
A ‘needle-in-the haystack’ search, which has been pursued for over 25 years.
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Before the LHC, Fermilab experiments were pushing the limits down towards 10-8.
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Candidates / (40 MeV/2)

‘ The gOlden mOde: BS_)H-FH- [PRL 118 (2017) 191801]

The signal finally showed up during Run 1, where LHCb found first evidence
[PRL 110 (2013) 021801] , & then a combined LHCb-CMS analysis yielded a 50
observation [Nature 522 (2015) 68] . The BR, measured to 25%, agrees with the SM...
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B(B® — utu~) = (3_941%.&) % 10-10 (3.00) Nature 522 (2015) 68]

...however the analysis also searched for the even rarer B® —uu. Here there is
also a hint of a signal. Picture is intriguing & provided encouragement for Run 2!
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LHCb B—)p.-l-p_' run 2 update [PRL 118 (2017) 191801]

Early in Run 2 LHCDb returned to this critical observable with an improved analysis
(~50% combinatoric background than previously). Run 1 + 1.4 fb'! of Run 2 data.

e 7.8 o signal & first single-
experiment observation !
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Uses only 1/4 of Run 2 data, so ‘legacy’ Run 1+2 result will be much more precise.
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LHCb B—){J,-l-p,' un 2 update [PRL 118 (2017) 191801]

Early in Run 2 LHCDb returned to this critical observable with an improved analysis
(~50% combinatoric background than previously). Run 1 + 1.4 fb'! of Run 2 data.
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Uses only 1/4 of Run 2 data, so ‘legacy’ Run 1+2 result will be much more precise.

The age of flavour
July 2019 Guy Wilkinson 17



Events / 40 MeV

ATLAS joins the party !

With recent analysis of 2015-16 Run 2 data [JHEP 04 (2019) 098] ATLAS has joined
club, & also sees a signal (although mass resolution does not permit a clean B, B,
separation). Can be combined with result of ATLAS Run 1 analysis [EPJC 76 (2016) 513].
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Comparison of LHCb & ATLAS results
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Remember — the SM prediction is rather clean,

and so improved measurements throughout the lifetime

Good consistency
between data sets.

We will have to wait
a while for B signal.

Compatibility with
the SM predictions...
...although optimists

will say that the B,
result looks low.

Eagerly wait for full
Run 2 LHCD results,
& new CMS results.

Is it too much to ask
that the 3 collaborations
make a global average ?

of the LHC are very valuable, particularly of the theoretically pristine
ratio BR(B,—up)/BR(Bs—pp), which can be measured to better than 10%... 19



Unlocking new observables with B.—p"u-

With very large data sets, we can plan on measuring new observables that bring
complementary info. on any New Physics (particularly an extended scalar sector),
e.g. CP-violating asymmetries or the effective lifetime [PRL 109 (2012) 041801] .

Proof-of-principle measurement of effective lifetime by LHCDb [PRL 118 (2017) 191801] :

, . . ' : . ,
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With LHCb Upgrade Il it will be possible to measure effective lifetime to ~2%.
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BY'— K1l and friends i i

b—sl*l- decays such as B°—K*I*I- offer many
observables which probe helicity structure (& more) of any New Physics...

The B-factory experiments had inadequate statistics for meaningful tests. This
has now all changed, e.g. forward-backward asymmetry vs g? (dilepton mass)?.

[PRL 103 (2009) 171801] [JHEP 02 (2016) 104]
4 5 — T T 1 * ' " T T T T ' 7
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But there are many other ¢ 1GeVi/cT]
observables, which can be built from General pattern as predicted
but mild tension at low q

the measured amplitudes, & are constructed
to be intrinsically robust against form factor uncertainties, e.g. “ P '”.
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B’—XK"1"I- and friends: the P,/ conundrum

One such observable is P¢/: What this describes physically is hard to visualise,
but it is constructed from angular observables in a manner that is robust against
form-factor uncertainties, and also easily relatable to the short-distance physics.

Same pattern seen by Belle and

Interesting deviation at low 2. ATLAS (preliminary), but CMS
(preliminary) more SM-like.
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A word of caution. The SM uncertainties shown here are from one group.
There are other values on the market, and some are more conservative.
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[JHEP 06 (2014) 133]

[JHEP 09 (2015) 179]

B'—K*1*1- and friends: differential x-secs

P./ is not the only funny thing going on in b—(s,d)I*I- decays.
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Consistent tendency for differential x-sections to undershoot prediction at low g2.
Intriguing — but maybe the uncertainties in theory are larger than claimed ?
23



B%—K*1*1- and friends: lepton universality tests

The cleanest way to probe these decays are with lepton universality (LU) tests,
l.e. comparing decays with di-electrons and di-muons. Negligible theory uncertainty.

Ratios of decay rates have been measured for b—sp*u/b—se*e- for ~1 < g? <
6 GeV? for both B—KI*l- (Ry) and B°—K*I*l- (R,.). In SM we expect 1 for both.
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The cleanest way to probe these decays are with lepton universality (LU) tests,
l.e. comparing decays with di-electrons and di-muons. Negligible theory uncertainty.

Ratios of decay rates have been measured for b—sp*y/b—se*e” for ~1 < g? <
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B'—K*1*1- and friends: what does it all mean ?

Already much theoretical interest in b—sl*l- sector prior to latest result.

Typical approach — global analysis of all 3T ARRRE AR R T ;
observables and fit to ‘Wilson coefficients’. $ |
What is intriguing, and undeniable, is that a ““““““““““ ““““““““ Lé‘@
very coherent picture emerges. The Ry. result B
fits this picture well (certainly, at central-g2). %;5 0 @ \ :
One example [arXiv:1903.09578]. - A U o SM._ |
These fits can give >50 pulls w.r.t. SM, & have |
led to excited discussion of Z’s, leptoquarks etc. —° ““““““““ A
S

-3 -2 -1 0 1 2 3

Cor

The age of flavour

July 2019 Guy Wilkinson

26



B'—K*1*1- and friends: what does it all mean ?

Already much theoretical interest in b—sl*l- sector prior to latest result.

Typical approach — global analysis of all
observables and fit to ‘Wilson coefficients’.

What is intriguing, and undeniable, is that a ¢ &
very coherent picture emerges. The Ry. result °
fits this picture well (certainly, at central-g?).

One example [arXiv:1903.09578]. -
These fits can give >50 pulls w.r.t. SM, & have
led to excited discussion of Z's, leptoquarks etc.

The experimentalist’s view:

* Hypotheses non fingo !

» Recall, for several of observables there is no consensus on the theory errors.

« Excitement premature: we should wait until we see highly significant deviations in
one or more LFU observables. Need more Run 2 updates on Ry, Ry. & indeed R,

The age of flavour
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The Unitarity Triangle

The Unitarity Triangle is a geometrical description of CP-violation within the
context of the Standard Model, which in the flavour sector is the CKM mechanism.

We must check its consistency through precise measurements.

The B factories showed that the CKM paradigm dominates the picture (the first
triumph of the ‘age of flavour’!), but New Physics can still be lurking at ~20% level.

Let’'s see how the LHC is advancing
this programme...

The age of flavour
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The Unitarity Triangle

LHCDb has performed many measurements relevant to the Unitarity Triangle.

Most important task of LHCDb VUb /
In Unitarity Triangle studies Vcb
has been to pursue programme
to improve knowledge of .

At LHC turn-on this was very badly
known [CKMfitter uncertainty ~ 30°].

Predicted value [CKwmfitter 2018]

Since then much progress, thanks to methods from measurements of other
pioneered at B-factories, & LHCb statistical muscle.  tangle parameters & lattice QCD.

this decay chain, looking for between
interference effects when D° & DO Vip @and Ve,

Best way to access v is to study B” LDOK phase y
_ ) amplitudes
decay to common final state.

B- »DOK”
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Events / ( 10 MeV/c?)

The Unitarity Triangle: measuring vy

To access these interference effects means looking for rather suppressed decays,
e.g. this B-—DK- decay, with D—K*m (and B* conjugate case): visible BR ~10-8,
Hence out of reach to previous generation of flavour physics experiments.

100—+ B LHCb

50

[2TT (9T02) 092 91d]

ol

- 1 - = %+ L + 1
5100 5200 5300 5400 5500 5100 5200 5300 5400 5500
m(DK*) [MeV/c?]

Very significant CP violation observed, that can be cleanly related to the phase v.
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vy measurement at LHCb with B—DK decays:
D—K nn (and KKK) with Run 2 data i+er os ois) 176)

A powerful sub-set of B—DK analyses is when the D decays into a multibody final
state, of which Kq1r1T Is the most prominent example. Variation of D strong phase
over Dalitz space leads to corresponding variation in interference and CP violation.

Analysis of ~3000 decays from 2 fb'1 of early Run 2 data Study yields in bins of
Dalitz space, chosen

for optimal sensitivity.

(98]
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IBin numberl
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(3]
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m*(K
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m(K°r) [GeV?/c*] (K ) [GeVc]
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vy measurement at LHCb with B—DK decays:
D—K nn (and KKK) with Run 2 data i+er os ois) 176)

A powerful sub-set of B—DK analyses is when the D decays into a multibody final
state, of which Kq1r1T Is the most prominent example. Variation of D strong phase
over Dalitz space leads to corresponding variation in interference and CP violation.

Analysis of ~3000 decays from 2 fb1 of early Run 2 data Study yields in bins of
Dalitz space, chosen
for optimal sensitivity.
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CP asymmetries visible by eye, but quantitative analysis requires external input...
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Measuring y — a synergy of experiments

In order to make sense of these CP asymmetries, we need to know how the
CP-conserving strong phase between D & Dbar varies over the Dalitz plot.

This information can be measured in bins on the Dalitz plot from quantum-
correlated w(3770)—DDbar events, available at CLEO-c [PRD 82 (2010) 112006].

—_
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CLEO-c data
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current LHCb
sample sizes.
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0_5I - | — |]_5I — |2. 2.5 -10 05 0 0.5 I1.o‘ ‘1.5
m2 [GeV?/c?| < Cosine of strong phase > in bin i

< Sine of strong phase > in bin i
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vy measurement at LHCb with B—DK decays:
D—K nn (and KKK) with Run 2 data i+er os ois) 176)

A powerful sub-set of B—DK analyses is when the D decays into a multibody final
state, of which Kg1r1r is the most prominent example. Variation of D strong phase
over Dalitz space leads to corresponding variation in interference and CP violation.

CPV
N ‘QQ ——— expectation — Compatlb|e W|th Run 1
' 60} | - : analysis of same channel
T T / (G e a———
- N + -1+ () :/ ’%55?51&2016data LHCb
2 0 [~ 8 9 _|:| Combined result i
- + S @ 015
O:,_. ................... oLl ]=d-aade .., - 2 E -
i 2 g
_20F ﬁ < g 0.1— 7
ok B* yields rosl ]
60k minus B- yields, No CF;Vt. I ]
i bin to bin expec a lon 0 [é]80
_80__ | | | | | | | | | | | | | | | i 'Y
8-76-5-4-32-1122345€6 7 8 Together o +10°
Effective bin gves: 7 = 807 o
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LHCb: combining B—DK modes for vy

The B—D(K1rT,KKK)K result may be combined together with those of
other B—»DK analyses. They depend on common nuisance parameters, but
have difference degeneracies — whole is greater than the sum of the parts !

<
b

DK
Ip

~

<

pr—

W
|

S
P—
|

0.05—

0

LHCb

Preliminary

B—D(Kshh)K

Relative magnitude of
interfering B amplitudes

0
[LHCb-CONF-2018-002]

|
100

|
150

Y [°]

B*—DK™*, D—h3n/hh' 7’

B*—DK*, D—Khh

B*—DK*, D—KK/Kn/ nx

- All B® modes

Full LHCb Combination

Nicely compatible and
pick out a unique solution.

July 2019
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LHCDb: current precision on y

Global LHCb average, now including information from time-dependent analyses
of Run 1 data with B, [JHEP 03 (2018) 059] and B° decays [JHEP 06 (2018) 084].

] 1 - ' ' I I ]
Y LHCb - )
- — 0.8 ~ Preliminary . - BS decays
S i : )
= 06 . .| B” decays
i : ] I B* decays
5 0.4 N i
: AL N 1 P Combination
02 .
- ' — — (74.0 +5.0\0
% 50 100 150 i ( —5.8 )

Y [°] 0
Result is to be compared with indirect prediction of (65_6 .3 4) [CKMfitter, 2018].

Compatible, albeit with a little tension (~20).
Big improvements expected in near future, as still little Run 2 data in average.

+1.0
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The charm renaissance

For many years charm was the ‘Cinderella’ of flavour physics studies

* tiny CPV and mixing effects expected in the SM...
» ...and no evidence of either despite intensive searches
* long-distance effects complicate predictions

Excluded regions

S Fm ' na CPV
— = 1] Moriond 2019
IU-2006 W Average y } L : : H
S omiane £ 0.8-
i} CLED K= £
0 Focus Kn E L
" 0.6
_ 0.2 No mixing
A i —1s C ]
45. Nomixing 2007 -~ 0 / - Bio
S i 20
10 [ [ N B Lol —3a L 2019 i3
T | %2 15 1 05 0 05 1 15 2 25 3 -0 ; P
U 2I5 5 ‘lrls IU 125 ls x(%) . ; L L1 | ‘ L1 I — L1 L1 . 50
x (%) -0.2 0 0.2 0.4 0.6 0.8 1
“All results are null.” Measurement contours; No-mixing excluded at lotsx (%)
lan Shipsey, Charm 2006. no-mixing excluded at 50 and lots (but x=0 still possible...)

Then combination of B-factory analyses finally saw mixing. New outlook !

— mixing parameters not tiny (~1%); good news for (indirect) CPV observables
— smallness of SM ‘pollution’ not a bad thing in looking for New Physics signal
— internal down-type quarks in loops — complementary to b-physics

— huge potential of LHC for improving sensitivity
37



Rise of the hadron machines

Power of hadron colliders is now clear. In 2013 LHCb and CDF published
first individual (>)>50 measurements, in “wrong sign’ (WS) K1t analyses.

— X]_IO} I NE E
% 1or % 35000 * Data
< [ LHCb ® + WS data E 300005 izl;]Z\I/S :;":;'a,
; 8 L ?# — Fit E E ---- Background
= I . 225000
S 4 36k WS f“l' [ Background cg' : . 9.6fb
ol % [ signal ] 1 20000 e e '®)
2 I E .
8 S aplfbt 15000= | ﬁ,.q.--"""' 1D-|
YT o0 || .
Eli) oL 0"‘4,,/4\H\.,,PJ_H"\.H‘\.H‘\.H.
o 2005 201 5015 20 0 0.005 001 0015 Wrg'.jo%Si nfi.'\onz[gewcgioz’ R
™ M (D) [GeV/e?] o =
o ><10'3 g><‘1O'3 CDF Run Il preliminary L=9.6 fo! /I:S
:ll m 7 = T T T | T T T T T T T T T T T I__ E . Data o
E ' Dﬂtﬂ E 8__ —— Mixing fit B
E:I 6.5E — Mixing fit E . - —~
:_ _____ ~ .. . _: ~  =----- No-mixing fit N
0 6E No-mixing [it ] 7; ot prcton (.l;_\o
3 5.50 ] C
8 SE _ & S
T F 9.1c away from C rO
4.5 i -
~ ) i no-mixing hyp. 55 {
; sf LHCb 4 6.1c away from
: no-mixing hyp.
3 . K 1 ‘
| PR T T T R
0 2 4 6 20

o 2 4 6 8 10
tt t/t

Although e*e- machines retain advantages for modes with neutrals, LHC has
huge advantages for charged modes (e.g. # WS K11 in above plot, which
Is a small fraction of Run 1, is 3x whole Belle sample) and also time resolution.



Search for indirect CPV in charm with Run 2 data

LHCb samples have grown rapidly, and now allow for high sensitivity searches for
mixing-induced CPV, e.g. take WS KT analysis used for mixing discovery, now
updated with full Run 1 data & 2 fb'! from Run 2, and study D° & D°%ar separately.

><1|03| _

S 2200 LHCh Data = (a)
| %o - b — S o
Study ratio S ek S sk LHCb ]
of WS Lt S | For D%~
(i.e. DO—K*T)... £ : :
S 60F = y B
N "3 WS signal _ bp e
s ml ol a0 é - E ...and
M(D"m) [MeV/e?] — C — CPV allowed - 0
N x10° | : ¢|a< - w. No direct CPV 3 D bar
S 9sf LHCb - Data ] E e No CPV ]
s [ @ — Fit ; - E
...tO RS E o B Background ] rg' -
i 0 -1t % j ] = s
(ie. D°—KT), 2 | ~180M { = 7 ...and
VS. proper S RS signal. = 1 difference
g r ] + v i
decay time S i & | 1 ofboth.
0le : . - 0 6 l 20
2005 2010 2015 2020 tt

M(D’n+) [MeV/c?]

[PRD 97 (2018) 031101] Difference flat — no evidence of CPV (yet).
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‘ Dawn of a new era: observation  [PRL 122 (2019) 211803]
of (direct) CPV in charm

As for indirect CPV, searches for direct CPV in charm have yielded null
results throughout many decades of searches — this year the story changed !

Measurement is of difference in CPV asymmetry between D—K*K- and DO—Tr*1T.
This is done to cancel out systematic asymmetries common to both modes.

Harnesses full statistical might of experiment — first to use full Run 2 data set.

3 3
L . ~220080—
< 6000F LHEb 1 % 2000¢
> - > 1800F
D ” ot } Data o -
ull plots, because = 5000 B S 1600F
PR — F D" — KK — 1400F
effect is tiny, and 5 4000F . : - g .
Imost im Y, il < - "] Comb. bk ] < 1200F "] Comb. bke.
to visualise S 20000 44 million § =5 F 13 million
- — L + _ : - — E + _
'% 1000E D—K*K E '% 4005_ DoT1rt1r
© C N _ S 2005_ L e
9005 2010 2015 2020 %005 2010 2015 2020
m(D°mt) [MeV/c2] m(D°mt) [MeV/c?]

Y | Adcp = (~154%2.9) x 1074 53
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‘ Dawn of a new era: observation  [PRL 122 (2019) 211803]

of (direct) CPV in charm

As for indirect CPV, searches for direct CPV in charm have yielded null
results throughout many decades of searches — this year the story changed !

Measuf o—T1rH1T,
This is « The effect is almost wholly driven by direct CPV S
Harnes set.
* Is the size of the effect compatible with SM expectations,
or is it too high, indicating possible NP contributions ? b
The theoretical community is (inevitably) divided.
Dull plc !
effecti§{ . Next tasks for LHCb: measure individual asymmetries, :z:
almost and intensify searches in other modes. Tremendously
to visus exciting prospects for the LHCb Upgrade years ! lion
T

o/ o/ e

Ny
% - e " REEEL EILIS. SIS ISR, SISIS VISSE LI HH AL AT S AT TS VAT TIATS YHAIH,

%005 2010 2015 2020
m(D°mt) [MeV/c2] m(D°mt) [MeV/c?]

Run 1 + .y 5.30
)T b | Adcp = (—15.4+2.9) x 10|
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‘ The future of flavour

The full LHCb Run 1 & 2 data sets are still being analysed & will yield significantly
improved precision in all measurements & (no doubt) some surprises !

But this is not the end of the story — almost all important measurements
will remain statistics limited, and there will be other studies that
are possible with current sample sizes. More data are required !

We will briefly survey some future opportunities, some reasonably well known

« Belle ll
 LHCb Upgrade |
 LHCb Upgrade I,

and others, somewhat less well known as flavour facilities:

 TauFV at the SPS Beam Dump Facility
« FCC-ee (& CEPC).

Several others (e.g. Super Tau Charm Factory) not covered through lack of time.
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The LHC schedule — current planning

_LHCb

LHCb Upgrade | > e
HL LHC Upgrade Il
2019 2021 2024 2027 2030
Install LHCDb Install HL-LHC and Install LHCb
Upgrade | ATLAS & CMS Upgrade Il
phase-Il Upgrades
Belle 1l = Belle III ?
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The LHC schedule — current planning

_LHCb

LHCb Upgrade | > e
HL LHC Upgrade Il
2019 2021 2024 2027 2030
Install LHCDb Install HL-LHC and Install LHCb
Upgrade | ATLAS & CMS Upgrade Il

phase-Il Upgrades

— Belle Il } > Belle Il ?
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'Why Belle I ?

B production at the Y(4S) presents several advantages over hadron environment

« Can reconstruct full event, which is beneficial for missing energy modes
and also inclusive measurements (typically lower theory uncertainties).

e.g. B—1v

e- o e H /
. ) Missing £/ /
‘.T_ /) Y 4 \ Tofel
“,: ” - f— ol ol 4 5 iolgigls
signal T v, e , s
B" ———= S

z axis

event
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'Why Belle II

B production at the Y (4S) presents several advantages over hadron environment

« Can reconstruct full event, which is beneficial for missing energy modes
and also inclusive measurements (typically lower theory uncertainties).

« Low multiplicity environment permits excellent performance for final states
with 19s, n’s, photons. Also, good efficiency for long-lived particles Kg and K.

sin(2B") =sin(20; ") X

PRELIMINARY

b ces WorTd AveTage _ T
| - BaBar [N

T 068 %
<ﬁ _"usa RRh: Uo;
: he— 0.90°%
— o.7a &l

PUUBTE008 U027

e.g. most modes suitable
for sin23 measurements
involving Penguin loops

. 0.68+0.07+0.03
H +

(b—ccbar s) are rather s

tough at LHCb... | ..and other important
B _E=vEl . decays e.g. DOy,
Jripe— L 3%;352 BO—1om0... are essentially
Te '::U;r 531 t.+  inaccessible.
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'Why Belle II ?

B production at the Y (4S) presents several advantages over hadron environment

« Can reconstruct full event, which is beneficial for missing energy modes
and also inclusive measurements (typically lower theory uncertainties).

« Low multiplicity environment permits excellent performance for final states
with 19s, n’s, photons. Also, good efficiency for long-lived particles Kg and K.

« Coherent B°B®bar production at Y(4S) makes flavour tagging easier and
compensates for lower sample sizes in time-dependent CP measurements

e.g. In sin23 measurement g - --I. B IeKT) :
with BO—J/yKq S 400 ‘ ~
e (tag effective) BaBar ~ 31 %  §200f =
[PRD 79 (2009) 072009] e s g -
g o1E E
€ (tag effective) LHCb ~ 3 % E 05—:% e =
[PRL 115 (2015) 031601] 7

fost T 3

=2 E N
1B -
The age of flavour -5 0 5 At (ps)
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‘SuperKEKB

SuperKEKB goals: luminosity of 8 x 103° cm?s-1 and 50 ab! by 2024

= o 56 .
:m 10 SuperKEKBé'L'
E 103
i 1 KERE He
og 1034 | . . 2 .:’./_,e’
a “ PEPII /-
33 s 52
3 10 _,,(:.TE TK;;\II\L
é 1032 I “3.‘ s W o A Pé /BEPC2..
..0° : oy TRIST%R\ ¥
103 | o) —1oRis? o ./
i ’-11 S Sl , BEI:’C‘
1030 - <-—;.". SppS IR -
DCI™ | soee ‘ : i
0P & g -
1970 1980 1990 2000 2010 2020
Year

An ambitious 40-fold increase in luminosity on KEKB, to be achieved
by squeezing the beams by ~1/20 and doubling the currents.

6,~100um,c,~2um

SuperKEKB

o,~1 Oum,cy~60nm
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‘ SuperKEKB and Belle 11 roadmap

10 L l l l l l l l l l l 1 L} 1 Ll L] I
3 S 3 REERE
x10°5 ~ I L 6 mo shutdown
w - for RF upgrade
~N | — RS T . n— .
. = 2R
s S A Iﬂtﬁ. L] SRR S A :
[P i E P 11 dyearsforthe design lumi. f : -
Ly ' '
o | Haa I
8 | T
c 4 , o
- 8 mo shutdown assuming we 20 U'.
g replace PXD and TOP PMT -
-~ 2 Conservatlve -
= béﬁbtﬁdb'és’tlh*iéte """""" 10
© i ;e > : . : P ‘
m - & : I g - . S : = . : ¥ ; : :
e 0 ' et et | | oo o i | L
ohg"es 1/1/2021 1/1/2023 1/1/2025 1 1/2029
1/1/2019
The age of flavour
July 2019 Guy Wilkinson 49



‘ Belle II detector

All sub-detectors upgraded from Belle, except
for ECL crystals and part of the barrel KLM
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The LHC schedule — current planning

_LHCb

I LHCDb Upgrade | } > —_—
' | Upgrade Il
HL LHC ———p “PY

2019 2021 2024 2027 2030

Install LHCb Install HL-LHC and Install LHCb

Upgrade | ATLAS & CMS Upgrade Il

phase-Il Upgrades
Belle Il = Belle III ?

The age of flavour
July 2019 Guy Wilkinson 51



LHCb Upgrade 1 (LS2) in a nutshell

Indirect search strategies for New Physics, e.g. precise measurements
& the study of suppressed processes in the flavour sector become ever-more
attractive following the experience of Runsl & 2 that direct signals are elusive

Our knowledge of flavour physics has advanced spectacularly thanks to LHCb.
Maintaining this rate of progress beyond Run 2 requires significant changes.

The LHCb Upgrade
* Allows effective operation at higher luminosity

1) Full software trigger Improved efficiency in hadronic modes

2) Raise operational luminosity to 2 x 1033 cm s1

Necessitates redesign of several sub-detectors & overhaul of readout

Huge increase in precision: Upgrade + Run 2 yield in hadronic modes ~ 60x
» that of Run 1; also perform studies beyond the reach of the current detector.

Flexible trigger and unique acceptance also opens up opportunities in other

topics apart from flavour (‘a general purpose detector in the forward region’).
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Run 1 & 2 detector
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Full s/w trigger —

|
Required modifications iy

Calo system:
TT: replace with replace FE electronics

new Si-strip’detector  OT & IT: replace with and remove PS/SPD
scintillating fibre
(SciFi) tracker

VELO: replace with Magnet RiCH2 FPS/SPD M2
M1

EcaL HEAL M4 M3
M3

new Si-pixel detector T2T3
Al T T
1]
Vert | = ; — =R
Loc L === }
) e | - Muon system:
RANT T | | / replace FE electronics
RICH: new photodetectors and remove M1
and FE electronics, and modify : e =
RICH 1 optics + mechanics 5
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I Upgrade I detector

M3
Magnet SciFi ~ RICH2 M2 o
Tracker
I, M FT
) [©) —
O
O
= == S :
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The LHC schedule — current planning

LHCb Upgrade | > -|-HCb >
HL LHC Upgrade I
2019 2021 2024 2027 2030
Install LHCDb Install HL-LHC and Install LHCDb
Upgrade | ATLAS & CMS Upgrade I
phase-Il Upgrades
Belle Il = Belle III ?
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LHCb Upgrade II — the ultimate LHC flavour experiment

Begin after LS4 (2030). Operate at up to 2 x 1034 cm=?s & collect (at least) 300 fb.

In parallel, many studies

from the machine side,

summarised in a report
which identifies

Expression of interest Full physics case

CERN/LHCC 2018-027

!/
b
0 ke

Physics Case

s e “a range of potential
solutions for operating
LHCb Upgrade Il at a
luminosity of up to

2 x 10%* cm2?st and
permitting the collection
N QY of 300 fbt or more at IP8
coponme I s W ; during the envisaged

A ieyE, e HEthE e Opportunities in flavour physics, and lifetime of the LHC”

Expression of Interest beyond, in the HL-LHC era

CERN-LHCC-2017-003 CERN-LHCC-2018-027
arxiv:1808.08865
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http://cds.cern.ch/record/2636441/?ln=en
https://arxiv.org/abs/1808.08865
https://cds.cern.ch/record/2244311/?ln=en

LHCb Upgrade II — the ultimate LHC flavour experiment

CERN/LHCC 2018072
OA pyp201501-

s %
SRV 2

solutions for operating
LHCb Upgrade Il at a
luminosity of up to
2 x 10%* cm2?st and
permitting the collection
of 300 fb! or more at IP8
~ § during the envisaged
T lifetime of the LHC”

Zn of Interest , in the HL-LHC era

[CERN-ACC-
NOTE-2018-038]

[CERN-LHCC-2017-003] [CERN-LHCC-2018-027,

also arXiv:1808.08865]
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LHCb Upgrade II — the ultimate LHC flavour experiment

current LHCb — Upgrade | » Upgrade Il —»

‘;;'-‘-'-.’ 20—: " = = = I: ':'E
5 - 300 =
a2 18— 2z
[=] - g
= 16— 250 S
:F_:' - =
g 14— 3
c -
£ - 200 3
E 12__ -
3" = ) 5
x 10— - - 150 %
s - £

8—

6— 100

4—

- 50

2—]

A ——— 0

2010 2015 2020 2025 2030 2035
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'Upgrade-II physics highlights

Too much to cover — here are a few examples:

vy determination: CPV in charm Resolving New Physics
sub-degree precision down to 10 models with R, and friends
e 016 A o - o | ' LHCb Upgradenl = Re L6l 7
Tor Zcesz sty” [ GLWIADS 5t LHCb- | [~ 1 HFLAV World Average 2017 Scmrioﬁg - Re[16]
0.14 L[ 1GGsz 300" [ ] GLW/ADS 300fb™ — 02 B b 300/ R, [L6]
7 - i LHCb Upgrade II -
0.12 — 0.1 Scenario IT _.':
LHCb Upgrade 1 T
0.1 - 0 Scenario I1T ™
0.08 Z oa LICb Upgrade I B -
006 }con?\rluahold 68%, 95% CL { —02 LHCb Run 1
P R N R RR S R R R | ‘ ‘ | L , M SR R R
0 20 40 60 80 10¢ 085 09 0095 1 1.05 1.1 0.4 0.6 0.8 1 1.2
i ap Ry

Two key points:

« Many key theoretically clean observables will remain statistics limited even
after Upgrade | (e.g. v, @4, Sin2B3, Ry and friends, B(B°—uu)/B(B,—uH)...

« Also, will be able to access new observables e.g. angular studies of b—de*e-.

This will enable great advances in CPV tests, and will give an almost doubling of
the New Physics mass scale (w.r.t. start of HL-LHC era) to which we are sensitive.



Evolution of constraints on Unitarity Triangle

UT plotted using constraints from LHCb alone (+ lattice QCD): current status
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Evolution of constraints on Unitarity Triangle

UT plotted using constraints from LHCb alone (+ lattice QCD): start of HL-LHC

0-7 1 I I 1 1 1 1 1
- = | ! | Y | [ —
= [ ! E@E -
0.6 —\f | fitter -
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Evolution of constraints on Unitarity Triangle

UT plotted using constraints from LHCb alone (+ lattice QCD): after Upgrade Il
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TauFV: fixed-target flavour opportunities

Beam-Dump Facility (BDF) is a new beam line required from SPS required for
proposed SHIP experiment. If approved, it will be constructed in LS3 (~2026).
This facility provides parallel opportunities for a fixed-target experiment: TauFV.

building | complex _hall | building | building f{experimental hall

Technical
galleries
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Flavour-physics opportunities at TauFV

Inserting 2 mm of tungsten in beam, distributed over several targets, will bleed
off 2% of beam and provide 4 x 108 protons-on-target in 5 years of operation.

Charm is produced in 0.17% of interactions — potentially the highest yield
charm ever (or at least before the FCC-hh / CppC) ! Outstanding opportunities.

One possibility: 8 x 1013 D.—Tvbar decays — high sensitivity for T—>uup searches.

v

10 - 20 cm

A

Extensive of target region and infrastructure. Physics studies ongoing.
For more information see submission made to EPPSU.
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https://indico.cern.ch/event/765096/contributions/3295745/

‘ Layout of TauFV

Tungsten blades integrating
to 2 mm thickness.

Targets

All detector components require
excellent Radiation hardness & also
~20 ps timing resolution to suppress
combinatorics during SPS spill.

TORCH
Muon
~ few mm b ccaL System [
Dipole Tracker
(~2.5 Tm) L 100 cm
Beam
| 50 cm
Vertex Locator
(VELO)
| __I= -
Target — | | T | —*
system z=0 20cm 120cm 140cm 360cm 460cm 530cm 730cm
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‘ Opportunities at the Z pole: FCC-ee

FCC-ee is a proposed e*e collider for 2039— that would run at the Z pole (91 GeV),
WW threshold (161 GeV), HZ energies (240 GeV), ttbar energies (350 & 365 GeV).

(CEPC is a parallel Chinese project, with shorter timescale & ~lower design lumi.).
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‘ Opportunities at the Z pole: FCC-ee

FCC-ee was initially conceived as a facility for precision-Higgs physics,
but it could also operate at Z° with ultra-high luminosity (102 [!] above LEP).
Extremely interesting possibilities for electroweak physics, and also b-physics.

{I__'l :I I I I I 1 I 1 I I | 1 I:

% — . Z(91.2GeV) : 4.6 x 10*® cm2s™! *  FCC-ee (Baseline, 2IPs) ]

c ‘ ‘TeraZ’ = ILC (Baseline) -
Q,O B CLIC (Baseline) N Q
(ap) 2 . =S
O 10 LT TR T T N T e e e PP P PP PP PP PP TR E PP PPPPPREPPRPOREI \ S CEP-C-(BBSE"I‘IQ;-ZJPS-} ......... — ><
- — W'W . 35 2a-1 4 =
—_— - (161 GeV): 5.6 x 10°° cm?s 4 <
> F 1
— | 4 ©
0 o
8 ~ HZ (240 GeV): 1.7 x 10°° cm2s"! 1 O
F T A N |3
S - 4 o
— — 1 ©
- tt (350 GeV): 3.8 x 1gj4cm- 4 W

u (365 GeV): 3.1 x 10 i

HZ (250 GeV): 1.35 x 10* cm?s™ I
1 :_082x10“cm251 ........................................................................................................ _:
C ] ] ] 1 1 1 L 1 m
3
10° 10
/s [GeV]
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‘ Opportunities at the Z pole: FCC-ee

100 ab at Z pole — >10%2 bbar pairs. Exciting b-physics programme, particularly
promising for channels including neutrals & missing energy, e.g. B;.—1'1° BO—K*T*T".

& L D e
O 1201 | -
= signal FCC-eeI ]
(5 100} 3
8 80 F:]?,(;T\%%und ~1000 reconstructed events,
% [ B—D,(Tv)X which can be subjected to
2 ok decays angular analysis in same
S N ‘} way as current LHCb
D a0k K*uu sample
20[-

"
.
"

0 3 .--'J. LT T
4.5 5 5.5

6 6.5
Mo, GeV/c?
d
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‘ Conclusions

The last ~20 years has delivered a rich and extensive
set of results in the field of quark-flavour physics

The measurements are important because they both address many
of the open questions of the Standard Model, and they are intrinsically
sensitive to very high mass scales.

The programme is ongoing. Belle Il and the LHCb Upgrades will bring
great leap forwards in precision, and will make new observables accessible.
New experiments in very different facilities will bring complementary information.

We are truly living through a golden age of flavour !
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What is flavour physics?

The concept of flavour’ in particle physics relates to the existence of
different families of quarks®, and how they couple to each other

l.e. 6 known flavours of quark, grouped into 3 generations

171200

Open questions:  « why 3 generations ? No answer yet !
These values (i.e. ‘3’ &

* why do the quarks exhibit this " Y are
- . . ) € masses) are iree
striking hierarchy in mass * parameters of the SM

These mysteries make the ‘flavour sector’ of the Standard Model of great interest.

The age of flavour * the concept of flavour extends
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'Flavour and the CKM matrix

In the Standard Model quarks can only change flavour through emission of a
W boson (i.e. weak force). For example a t quark can decay into a b, s or d quark:

t Vib b ¢ Vi s " Vig d

But these decays are not equally likely. At the amplitude level they are weighted
by factors that are elements of the Cabibbo-Kobyashi-Maskawa (CKM) matrix, and
these factors vary dramatically — here is another hierarchy we don’t understand !

Vea Vs Vb = 0.21 —0.24 0.971 —0.973 0.036 — 0.070
Via Vie Vi 0—0.014 0.036 — 0.070 0.997 — 0.999

(If’fud Vis Vs (U.QTUS — 09770 021 -0.24 0—0.014 )

These elements of the CKM matrix are also fundamental parameters of the
Standard Model. Why they have these values is another great mystery.

The CKM matrix is also linked to another big puzzle of flavour physics...
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'CP violation

CP violation (CPV) — difference in behaviour between matter and anti-matter.

First discovered in the kaon system in 1964, opportunities of study were limited
until colliders arrived that could make lots & lots of b-quark hadrons, e.g. the LHC

A recent example from LHCD - look at B meson decaying into a pion & two kaons...

400 T T s T 1=
> 350F BT LHCb {0
S 300} 17
— 250k E E
::3230§background | - Q
S200f / el =
L : : i -
%100 : | &
< S0F - B i1 3
o 51 52 53 54 55 5.1 52 53 34 35
m(m K'K") [GeV/c?] m(TK'K') [GeV/c?]

...the decay probabilities are manifestly different for B- & B* ! In the Standard Model
CPV is accommodated, but not explained, by an imaginary phase in the CKM matrix



Cosmological connections ?

As first pointed out by Andrei Sakharov, CP-violation is one THE DISSIDENTS
requirement for explaining baryogenesis — the process that took gnallengelnMnscov‘l
us from the equal amounts of matter and anti-matter produced
in the Big Bang, to the matter dominated universe of today

IN COLOR:

The problem is that the CP-violation that
appears in the Standard Model, is woefully
inadequate to explain the matter-antimatter
asymmetry we have today.

This is a big problem with the Standard Model !

More & better measurements
may point a way forward.

Hubble Deep Field Details HST - WFPC2
PRC96-01b - ST Scl OPO - January 15, 1996 - R. Williams (ST Scl), NASA
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Problems with the Standard Model

The Standard Model (SM) cannot be a final theory
We have already encountered the following shortcomings:

* No explanation for baryogenesis
* No explanation for the quark or CKM hierarchy
* No real explanation for CP violation, and

why it is only found in the weak interaction.

And there are plenty of others, for example:

* No explanation for dark matter or dark energy

» No explanation for neutrino masses

 Gravity not included

» No explanation for why the Higgs boson has the mass it does
(left to itself the theory would make it much, much heavier)

More ambitious theories (e.g. supersymmetry or SUSY) can solve at least some of
these problems. They generally predict new particles or effects outside the SM.
Finding these effects is the goal of the LHC & many other present/planned facilities !
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B%—K*1*1- and friends: lepton universality tests

The cleanest way to probe these decays are with lepton universality (LU) tests,
l.e. comparing decays with di-electrons and di-muons. Negligible theory uncertainty.

» First done [PRL 113 (2014) 151601] by

LHCb with B*—K*I*I decays Ry = 0.7451070 (stat) £ 0.036(syst)
Ry = ratio of dimuon to dielecton 2.60 low — a statistical fluctuation ?

decay rates, for 1 < g?< 6 GeV?
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B%—K*1*1- and friends: lepton universality tests

The cleanest way to probe these decays are with lepton universality (LU) tests,
l.e. comparing decays with di-electrons and di-muons. Negligible theory uncertainty.

« Recently updated with improved l . +0.060 +0.016
analysis and adding 2 fb! of Rg =0.846 7 0.054 —0.014
Run 2 data [PRL 122 (2019) 191801]

Higher central value, but still 2.50 low !
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B%—K*1*1- and friends: lepton universality tests

The cleanest way to probe these decays are with lepton universality (LU) tests,
l.e. comparing decays with di-electrons and di-muons. Negligible theory uncertainty.

« Recently updated with improved l . +0.060 +0.016
analysis and adding 2 fb* of Rig =0.846~ 0.054 —0.014

Run 2 data [PRL 122 (2019) 191801]

Higher central value, but still 2.50 low !

« An analogous measurement has been performed with BO—K*I*I
[JHEP 08 (2017) 055]:

o BB Kutur) BB < K
KT B(BO—= KOJfp (= w—»/ B(B®— K*Jfip(— eter))

This double ratio (also employed for Ry), involving the control mode B%—J/yK*,
ensures that all 15t order systematics in efficiency cancel — robust !

Measure in similar g2 region as for R, (‘central g?: 1.1 - 6 GeV?),
but also perform measurement in a low g2 bin ( 0.045 - 1.1 GeV?).
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B’—K'1*l"and friends: lepton universality tests Ry

low- ¢? central- ¢
R0 0.66 =~ 001 +0.03 | 0.69 © 501 +£0.05
05.4% CL [0.52, 0.89] [0.53,0.94]
09.7% CL 0.45, 1.04] 0.46, 1.10]
| I | | |
<ot o -
Cd 1.0 :_Ilj.(_.— ....................................... e : _
N I
0.8 - I — %
06F ® LHCL ] ?E
(2.10 _-2_30 2.40 -_2.50 BIP .
0.4 N tension tension Y CDHMV ] §
i B EO0S o
0.2 ® flav.io
- LHCb . o
0.0 I RSN S S T S S B SR A B RS B
0 1 2 3 4 5! 6

¢’ [GeV?/c]
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B’—K'1*l"and friends: lepton universality tests Ry

Result uncannily reminiscent of Ry ... IT5
v ' : : T —
|
H H . l
: : I
Re —O—1 ¢
x
H i}
: Q. B
. H E ‘ =
v i
Ry} . y @ ;
(mid-g2 bin) i f : 3
l D
. . : . ! f
0.6 0.7 0.8 0.9 1.0 i
....but what could it all mean ?
- AdL LS i JU
0.0_Illlllllllllllllllllllllllllll_
0 1 2 3 4 5 6
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The Unitarity Triangle

LHCDb has performed many measurements relevant to the Unitarity Triangle.

B, oscillations

E s Tagged mixed
g o Tagged unmixed
< 4001~ T Fit mixed

% F Lo Fit unmixed
=

E

g8 200

G i n L n i n n n n i n L n n n
0 1 2 3 4
decay time [ps]
BC oscillations

> 1

= [ LHCb

% 04 <+ B'Sp o+

- — combined
Z' 02}
e Op 1
02f w ]
0.4 -
|

. A R
5 10 15
B’ decay time ¢ [ps]

[Tz0g50 (€T0Z) ST
'sSAud 't MaN]

g 'na 'sAyd]

[81€ (€T0Z) 6T2

V,,/
Vcb o

Very precise measurements of
the B and the B® mixing frequency.

Precision ‘too good’ to be usefully exploited
in Unitarity Triangle fits due to lattice QCD
uncertainties, but this excellent resolution
vital for related CPV measurements.
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The Unitarity Triangle

LHCDb has performed many measurements relevant to the Unitarity Triangle.

BOWO—————————7————————7——
r I Combinatorial .
15000 Mis-identified LHCb =
- WDV ] V q / V
C ATV .
[ F— P
120000 mmawv g, a t ts
N UV s
-

9000 F

6000 F

Candidates / (50 MeV/c?)

(78]
]
=]
=]
T

39000 4000

5000
Corrected pu mass [MeV/c?] \
Measurement of V,, through study of

N\,—puVv decays [Nature Phys. 10 (2015) 1038].
Nobody expected the LHC to

—_—— PDG 2014 . .
Exclusive e contribute to this measurement.
(B—mlv) e arXiv:1503.07839
(FNAL/MILC)

The result is very illuminating
Aoy | —— F for the longstanding ‘inclusive vs.
exclusive’ debate. Much more to come !
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The Unitarity Triangle

LHCDb has performed many measurements relevant to the Unitarity Triangle.

Candidates / (1 MeV /c?)

Signal yield asymmetry

3500
3000
2500
2000
1500
1000

500

| PR L

0 5240 5260 5280 5300 | 5320
m (MeV/c?)

LHCb

A

ya

V,,/
Vcb

B°—J/yKsg, is the golden channel
for measuring sin2@3, and one very
well suited to capabilities of B-factories.

sin2B= 0.731 £ 0.035 (stat) £ 0.020 (syst)
(BaBar stat error = 0.036, Belle stat error = 0.029)

LHCDb Run 1 result [prL 115 (2015) 031601] has very
similar precision to B-factory measurements.

World-best result expected with Run 2 data !
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‘ Physics reach — the obligatory table

Observable Current LHCb LHCbH 2025 Belle 11 Upgrade I1 ATLAS & CMS
EW Penguins

Ry (1 < ¢* <6GeV3ct) 0.1 [274] 0.025 0.036 0.007

Rier (1< 2 < 6GeV2eh) 0.1 [275] 0.031 0.032 0.008

Ro., Ry, Rr 0.08, 0.06, 0.18 0.02, 0.02, 0.05

CKM tests

v, with BY — DFK~ (t15)° [136] 4° 1°

7, all modes (* :;g) [167] 1.5° 1.5° 0.35°

sin 28, with B® — J/yK? 0.04 [609] 0.011 0.005 0.003

b5, with BY — J /10 49 mrad [44] 14 mrad 4 mrad 22 mrad [610]
bs, with BY — DI D7 170 mrad [49] 35 mrad 9 mrad

$3%%, with B — ¢o 154 mrad [94] 39 mrad 11 mrad  Under study [611]
a 33 x 1071 [211] 10 x 1071 3x 1071

|V;m|/|Vpb| 6% [201] 3% 1% 1%

BY, B —ptp”

B(BY — utp=)/B(BY — putpu) 90% [264] 34% 10% 21% [612]
TBO sty 229 [264] 8% 2%

S 0.2

b — ¢~y LUV studies

R(D") 0.026 [215,217] 0.0072 0.005 0.002

R(J/v) 0.24 [220] 0.071 0.02

Charm

AAcp(KK — 77) 8.5 x 107 [613] 1.7 x 1074 5.4 x107% 3.0 x 1077

Ar (= xsin ¢) 2.8 x 1071 [240] 4.3 x 1077 3.5 x 1071 1.0 x 1072

xsing from DY — K7~ 13 x 1074 [228] 3.2 x 1071 4.6 x 1071 8.0 x 1077

2 sin ¢ from multibody decays

(K3m) 4.0 x 1077

(Kdrm) 1.2 x 1071

(K37) 8.0 x 107°
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New Physics sensitivity through FCNCs

Improving sensitivity to the Wilson coefficient Cy and the corresponding limits on
New Physics mass scales, under different assumptions, from R, and Ry .

~ 0.5

% 0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

| >
- Start of i = T
- HL-LHC o
Z | T
| After 5

Upgrade Il 10

[
II\”

' Tree generic
winn Tree MFV

wmn [Loop generic
s Loop MFV

u
......
.....
.....
|||||
lllll
......
.....
wunt
snt

TR T RTTITAL
L

|||||
\\\\\\\\\\\\\
|||||||||
\\\\\\\\
|||||||||||||
||||||
|||||||||||
||||||
||||||||
\\\\\\
||||||
|||||

lllll
\\\\\
|||||
lllll
-----
|||||||||||
||||||||||
L]
‘‘‘‘‘
\\\\\
(LR
(LR
L

[ 20

10 100 |
Integrated Luminosity [fb™]

10 10° |
Integrated Luminosity [fb™]

July 2019

The age of flavour
Guy Wilkinson

86



