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\ Useful resources & acknowledgments

A Heavy Flavour Averaging Group (HFLAV) https://hflav.web.cern.ch

A CKMfitter ckmfitter.in2p3.fr  Utfit www.utfit.orq/UTfit/

A Particle Data Group reviews pdg.lbl.gov

A Books: - CP violation, I.I. Bigi and A.l. Sanda (CUP, 2000)
- CP violation, G.C. Branco, L. Lavoura & J.P.Silva (OUP, 1999)

M. Blanke, arXiv:1704.03753

O. Gedalia & G. Perez, arXiv:1005.3106

Y. Grossman & P. Tanedo, arXiv:1711.03624
J.F. Kamenik, arXiv:1708.00771

Z. Ligeti, arXiv:1502.01372

Y. Nir, arXiv:0708.1872, arXiv:1605.00433

A Reviews & lectures:

Thanks to flavour lecturers at this school in previous years, who provided inspiration
for some of the material shown (esp. T. Gerson, J. Zupan & M-H. Schune).
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| ecture outline

A Introduction V

A Birth of flavour physics & the kaon sector V

A The beautiful millennium V

A Flavour structure of the SM  V

A The Unitarity Triangle and CPV measurements V
A Spectroscopy (a brief digression) V

A FCNCs or O6moatopiebeduac ay s

A Charm physics

A Future of flavour

Note the approach will (necessarily)
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or Orare decays?©o

FCNC decays proceed through higher
suppressed in SM and susceptible to New Physics contributions.

e.g. Penguin diagram (nomenclature Most interesting measurements involve
introduced by John Ellis in 1977 after EM & weak penguins, with photon or
lost bet [Ellis et al., NPB 131 (1977) 285].) dileptons 1 precise predictions.

(EM) Radiative

penguin - /
gluonic / \
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EM penguin first discovered by [
CLEO in BY(@®R(1®BP 2|
[CLEO, PRL 71 (1993) 674]. N '

Studies of radiative . L0
penguins still very important, G0 sew  swo  om o om0 - o
but we will not discuss them further. A



https://www.sciencedirect.com/science/article/pii/0550321377903741?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.71.674

Standard +
These decay modes can only proceed Model

through suppressed loop diagrams. t

In SM they happen extremely rarely (B.Y € ¢
~4 x 109, B%Y ¢ £30x lower), but the rate is ;
very well predicted (e.g. <5% for B.Y ¢ $. b n

Many models of New Physics (e.g. SUSY) can modify rate significantly !
A Oneretddiee haystacko search, which has
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Before the LHC, Fermilab experiments were pushing the limits down towards 10-8.



BE(B’ — p*u)

‘The state of play

LHCDb CMS (prelim) ATLAS
[PRL 118 (2017) 191801] [CMS PAS BPH-16-004] [JHEP 04 (2019) 098]
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A Each result is compatible with the SM; A BOY ¢ &is proving elusive;
A B.Y & emeasurements are clustering at a A Full Run 2 results will be interesting;

slightly lower value than SM (at level of ~20);


https://arxiv.org/abs/1703.05747
https://cds.cern.ch/record/2684828
https://arxiv.org/abs/1812.03017
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Lessons from, & future of, B¢ Q Qnea

A Prior to LHC turn on, an enhanced BR(B.Y £ § was one of the great ho
for a rapid discovery of New Physics. This hope has not been realised.

A Nonetheless, the absence of an
enhancement is a very powerful
iInput in excluding certain classes
of New Physics model.

e.g. 95% CL excluded region in
M + vs. tanb space for two- —

H .
Higgs doublet model [Gfitter group,
Hallet et al., EPJC 78 (2018) 675].
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A Better measurements are essential,
as we are still far from theory limit
(which will improve). Even truer for
ratio BR(B.Y ¢ §/BR(B°Y ¢ 9. These
decays still have much to tell us!

A Next step in the journey will
be observation of B%Y ¢ ¢


https://arxiv.org/abs/1803.01853
https://arxiv.org/abs/1803.01853
http://cdsweb.cern.ch/record/2244311?ln=en
http://cdsweb.cern.ch/record/2244311?ln=en

‘BO(]) K'I*I-and friends®  +, & ~% & % o
the gift that keeps on glvmgwfb( \{K “’

FCNC processes involving the transition b Y sH(and indeed b Y dll) are not
ultra rare, but provide an exceedingly rich set of observables to probe for NP
effects, that are sensitive to non-SM helicity structures (and more).

Many realisations, but the poster-child decay is B°Y K*O[*I-, with K*OY K*" -

d is angle
between K’
and ¢ edecay frame

Four-body final state can be characterised in terms of three angles, U,, d, and G,
& g%, & the invariant-mass of the dilepton pair (see e.g. [LHCb, PRL 111 (2013) 191801]).
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https://arxiv.org/abs/1308.1707

‘BO(]) K‘I*I-and friendsd +, & % & %
the gift that keeps on glvmgwfb( \{K “’

Differential cross-section w.r.t. solid angle and g? can be expressed in terms
of eight coefficients: F , Az and S, (other choices are available):

1 dYT+7T 9
(T + f)/dq2 d(q2 40 ) T 39 [%(1 — F1) sin® O + Fp, cos® O
Note ;s is the +1(1 = Fp) sin® O cos 20,

C_ZP-averag_ed expression — ], cos® O cos 26, + Sy sin® O sin® 6, cos 2¢
(i.e. assuming no CPV).
+.9 sin 20k sin 26, cos ¢ + S5 sin 20, sin b, cos o
F_ 1 fraction of longitudinal
polarisation of K* +%AFB sin? B cos B + S7sin 20 sin 6, sin ¢

Arg | ;Osl;lr\/;:lrl’nde-tt:;lcct(fV\é?lfpton + Sy sin 26 sin 26, sin ¢ + Sg sin® O sin® 6, sin 2¢

pair in B-meson frame
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‘BO(]) K'I*I-and friends® =, & % & v .
the gift that keeps on glvmg% \{K H

Three practical considerations:

1.

Analysis must allow for an S-wave contribution in K* system, in addition to
P wave that comes from K*(892)Ti mport ant , but we won

In pp environment, it is easier to reconstruct muons than electrons, so unless
stated, measurements are made with di-muon final state.

Form-factor (i.e. QCD) uncertainties in predictions of coefficients can be
reduced by changing to a set of optimised uncertainties [Descotes-Genon et al.,
JHEP 01 (2013) 048], in which first order uncertainties cancel, i.e. more robust:

25 —S S
P = 3 :A%_?)? Py=—2 Pl = 7 |
(1_FL) (1_FL) \/FL(I—FL)
_ 2 Arp - S48 ( LHCb definitions, see
Py : Piss :
3(1—Fy) ™ VFL(1—FL)  [JHEP 02 (2016) 104])

Hard to visualise what these mean, but they can be predicted in SM, & in terms
of general NP predictions, rather well. Also very robust against detector bias !
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https://arxiv.org/abs/1207.2753
https://arxiv.org/abs/1512.04442

‘ B% K'I*|-- impact of the LHC

The B factories studied B%Y K I with enthusiasm. Initial results, e.g. for
forward-backward asymmetry, were intriguing. But sample sizes inadequate
for firm conclusions. Situation changed with the turn-on of the LHC.

[PRL 103 (2009) 171801]
L Belle: ~250 K*I*I- candidates

EO.b —T— ________________________
< _._ SM N
01%_// behaviour

70 2 4 6 8 10 12 14 16 18 20

one NE q2(GeV2/cz)
scenario

(NB: theldly andy6 r egi ons ar e ecgbarlresodamabs occars t h e
through tree-level processes and do not probe physics we are interested in.)
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https://arxiv.org/abs/0904.0770

‘ B% K'I*|-- impact of the LHC

The B factories studied BY K t*I- with enthusiasm. Initial results, e.g. for
forward-backward asymmetry, were intriguing. But sample sizes inadequate
for firm conclusions. Situation changed with the turn-on of the LHC.

[PRL 103 (2009) 171801] [JHEP 02 (2016) 104]

11 . 2 T ] "
L Belle: ~250 K*I*I- candidates < 05 -

- Il SM from ABSZ
I 4., ————
T N R

0.5 _T_ ________________________ :
< + SM \\ 0
01%_// behaviour

Jly and y (2S)
always vetoed

LHCDb, 3 fb-!

/0 2 4 6 8 10 12 14 16 18 20 os.  ~2400 signal candidates ]
one NP 2(GeV2/C2) Bt I S S S
scenario ] 0 : 10 b

g* [GeV?/c*]
(NB: theldly andy6 r egi ons ar e ecgbarlresodamabs occars t h e
through tree-level processes and do not probe physics we are interested in.)

Hints of non-SM behaviour in early analyses not confirmed by high-statistics
measurement (although mild tensionatlowg?) . What about o6éopt

Flavour physics
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https://arxiv.org/abs/0904.0770
https://arxiv.org/abs/1512.04442

‘ B% K’I*I-and friends: the R puzzle

The O6opti mum observabl ed t hat Adavatiomatt r
low g2, first seen in an early LHCb analysis [PRL 108 (2012) 181806], persisted with
the full Run 1 data set [JHEP 02 (2016) 104], & IS not contradicted by other experiments.

S -
- 3.7 LHCb 11g
- . 1 Im
1 (4-8 GeV?) SM from DHMV - | T
:{H 27 118
ot s
—— —+ 1P
1 - |=
n 1 10
- 15
2F =
wilY | I T S TR TR PR T T T R -
0 5 10 15

q* [GeV?¥ 4]

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. Meanwhile, work
IS ongoing to constrain QCD uncertainties from data, e.g. [LHCb, EPJ C77 (2017) 161].
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https://arxiv.org/abs/1112.3515
https://arxiv.org/abs/1512.04442
https://arxiv.org/abs/1612.06764
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‘ B% K’I*I-and friends: the R puzzle

The O6opti mum observabl ed t hat Adavatiomatt r
low g2, first seen in an early LHCb analysis [PRL 108 (2012) 181806], persisted with
the full Run 1 data set [JHEP 02 (2016) 104], & IS not contradicted by other experiments.
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Same pattern seen by Belle and ATLAS, whereas CMS sees more SM-like
behaviour. None of these measurements are individually precise, but the overall

picture I s very similar to LHCD. Does
14


https://arxiv.org/abs/1112.3515
https://arxiv.org/abs/1512.04442
https://arxiv.org/abs/1805.04000
https://arxiv.org/abs/1710.02846
https://arxiv.org/abs/1612.05014

‘ B% K’I*I-and friends: the R puzzle

There is another interesting observation. All the LHC measurements are made
with dimuons, whereas the Belle result comes from dimuons and dielectrons.
Individual results are also available for each lepton final state.

15—

T T T T T T T T T ~
: W SMfrom DHMVALQCD | ¢
1oL 4 All Modes 1 &
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0.5 | 1 |7
, =
B LT =
L 0.0 . g
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-0.5 |- , 1 15
[ \ (—
[ L .
f & =
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f o)
: =)
-151L ' L . =
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In the bin of interest it is the dimuon result that is most discrepant, although
with the small sample size there is consistency between both final states.
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https://arxiv.org/abs/1612.05014

[JHEP 06 (2014) 133]

[JHEP 09 (2015) 179]

‘ B% K'I*I-and friends: differential xsecs

P/is not the only funny'ldedaysng goi ng

_ . -LCISR . .Lz,m.ic'? T'_.E,)a[.a. . ~01=X10 EN.CSR Lattice —#-Data
Q i it L T L — L B R N B R AL B T g
0 0t~ 1 = - LHCb A -
% B'—>K'wu 13 BOY K & Tz B > K'utu
< LHCb 13 139 LHCb ]
1 L 4 Q .
S 13 ] B x ]
o 13 1 5 = E
— -] 1 o ]
o + : —+ _+1 2 = ++ s
'g _: E 9 N@ ]
3 - 1 1© = E
- PP R B B -
10 15 2 e = ~N 8 1 N
2 [GeVZ/ et 0 5 10 15 20
A ] ¢ 1GeVct] P [GeVcH

on

[€€T (#T0Z) 90 d3HC]

[600 (ST0Z) 90 d3HCI

< T T T IR
L8 « +v T < ]
: s B*Y ~ g glHc T % Rp¥ 2 E
“SD 6§ O 119 Y E
= E = 3
= sE 022 ile IS =0 R 1 =
N_\‘)‘ E ~— S E 3
2 E s N = =
- : S : —
? 2E = CLRN 3
S 1 o & .
Q oE . | Sg % LHCb =
2 10 5 N = ! ! =

2 [GeV-/c* 10 15 20

q [ ] q2 (GeV2/c4) qz [Gev2lc4]

All measurements undershoot prediction at low g2. (BTW, all made with dimuonsé )

Intriguing 7 but maybe the uncertainties in theory are larger than claimed ?
Can we identify an observable where the theory uncertainties are negligible ?
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https://arxiv.org/abs/1403.8044
https://arxiv.org/abs/1403.8044
https://arxiv.org/abs/1506.08777
https://arxiv.org/abs/1503.07138
https://arxiv.org/abs/1606.04731
https://arxiv.org/abs/1509.00414

‘ B% KI*l-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 forb Y s*e/b Y s*e” for ~1 < g2 <

6 GeV? for both B Y K'I (R,) and B%Y K I (R,.) . Il n SM we expe

17



‘ B% KI*l-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 forb Y s*¢-/b Y s*e” for ~1 < g2 <

6 GeV? for both B Y K*I (R,) and B°Y K I (Ry.) . Il n SM we expe
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https://arxiv.org/abs/1903.09252
https://arxiv.org/abs/1705.05802

Pulls Candidates per 10 MeV/c2

‘ b ¢ slilepton universality testsd more about the
measurements (with focus on R) [JHEP 08 (2017) 035

Precision is limited by size of electron sample, which is ~100 decays in bin
of measurement (muon sample is around 3-4 x larger).

1.1<¢2<6.0 [GeV?/c4] 1.1<¢2<6.0 [GeV*/c*]

iy LHCb E 31 LHCb E

------ B K- 3 304 e B K eter 3
0 I Combinatorial 3 25 I Combinatorial =
50 _E 20 B—Xe e _E
0 E B B—K Ty
30 = E

Pulls Candidates per 34 MeV/c2

5E T/ = SE e —
0 ; 0 fram
O 3 e o 3
5200 5400 5600 5800 4500 5000 5500 6000
m(K - u*ru~) [MeV/c?] m(K*ne*e™) [MeV/c?]
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https://arxiv.org/abs/1705.05802

‘ b ¢ slilepton universality testsd more about the
measurements (with focus on R) [JHEP 08 (2017) 035

| sn6t measurement vulnerable to knowl e
R, is normalised to BY K * y (and its known J/y YI*I obeys lepton universality)
which makes all such dependencies second order.

RK*O —_

B(B'— K*utu™) B(B'— K*%ete)
B(BY— K*Jf (= M*M‘))/B(BO% KXJfp(— ete”))

Nonetheless, checks are made by measuring whether the relevant ratios for
BOY K * y dnd indeed B°Y K ¥ (2S) are compatible with unity 7 they are.

Flavour physics
September 2019 Guy Wilkinson 20


https://arxiv.org/abs/1705.05802

‘ b ¢ slilepton universality testsd more about the
measurements (with focus on R) [JHEP 08 (2017) 035

Measurements are made below J/y T it is the low g2 region where odd behaviour
has been seen in other studies. High g2 measurements will come in future.
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|
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flav.io 7] of SM prediction
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However a second R,. measurement exists at very low g2. This also is >20 low
w.r.t. SM. Interesting! However, any deviation in this region is harder to explain

by New Physics (see |l ater), as Ophoton
21
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https://arxiv.org/abs/1705.05802

‘ b ¢ sllepton universality testd Belle results

Belle has recently released R, and R,. measurements (both exploiting B® and
B* modes, assuming isospin conservation) in a variety of binning schemes.
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All results compatible with LHCb & SM (but significantly less precise than LHCb).
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https://arxiv.org/abs/1904.02440
https://arxiv.org/abs/1908.01848

Analysing FCNC data in context of effective field theory

Theb YsHir esul ts can be qualitativel JYsdex,|
largely obeys the SM, but New Physics intervenes for b Y s*g- at low 2.

A more gquantitative analysis can be made in context of effective field theory.

Real theory Effective theory

oo

+

7

Al = [) = {f[Hessl)

See, e.g. [Buchalla et al., Rev. Mod. Phys. 68 (1996) 1125].

Flavour physics
September 2019 Guy Wilkinson 23


https://arxiv.org/abs/hep-ph/9512380

Analysing FCNC data in context of effective field theory

Operator product expansion:
¥l
Hefr ox Vi Vi Y~ (GiO; + C[OY)
I

Model independent ! Expansion performed in a complete basis of four-body
operators that contribute differently to each FCNC process.

() 3 v
0 o (30,0 Priay )P T 0 0 ol
, F - ")~ A0 A0
Og) < (59 PoB) T Transition  C;7 Co° (g Cop
ol (enPumIyst) B2 X X X
() 3 ]
O‘f:) < (5Pymb)(1]) b—stte— X X X
Op o (8Prr)b)(Isl)

C, are the Wilson coefficients. Calculable in SM, but can be affected by New Physics.

Flavour physics
September 2019 Guy Wilkinson 24



Current status of fits to FCNC data

[Aebischer, Straub et al., arXiv:1903.10434]

flavio |

0.0

A Ensemble of all FCNC data
gives a consistent picture

LU-violating

A Best fit is inconsistent with observables

SM by more than 50 !

A BUT, this assumes taking
uncertainties on SM
predictions for, e.g., P<0
at face value.

) —1.0 1
A One excellent fit allows for
; —— NCLFU observables 3¢ (ignore dotted lines,
NP Shlft for muons alone Of 124 —— b—=spp & corr. obs. 1o which refer to fits
opposite sign in Cy & C, & a —— slobal 1o, 20 with earlier results)
modest lepton-universal shift in C,. P pa—— -+ -

univ.
C
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https://arxiv.org/abs/1903.10434

Current status of fits to FCNC data

[Aebischer, Straub et al., arXiv:1903.10434]

I l
A Ens .
e Popular explanations of Standard Model
J these effects include: -
L.
ng
A Be§ A Flavourc h a n ging Z6,..""% ‘ Ies
SM €.g. [Altmannshofer & Straub, b P i B
EPJC 73 (2013) 2646], B° K° B
[Gauld, Goertz & Haisch, d d d
A BU PRD 89 (2014) 015005], P
UNC] [Altmannshofer & Straub, [
EPJC 75 (2015) 382, & & ¢
pre EPXCI @’< i
[Crivellin et al., PRD 92 (2015) 054013]. _ ) B )
at fa :? 3 i H: ..... .L‘ i
B K K
A Leptoquarks a - i - d
A On{ e.g. [Hiller & Schmaltz, PRD 90 (2014) 054014],
NP [Alonson et al., arXiv:1505.05164], New Physics 5,
op [Fajfer & Ksnik, PLB 755 (2016) 270]. )
mod These may be within reach of direct detection at ATLAS & CMS.
C(ljllllv.
Flavour physics
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https://arxiv.org/abs/1308.1501
https://arxiv.org/abs/1308.1959
https://arxiv.org/abs/1411.3161
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https://arxiv.org/abs/1408.1627
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https://arxiv.org/abs/1511.06024
https://arxiv.org/abs/1903.10434

‘ b ¢ ( s*ldheakterm experimental prospects

New experimental input is mandatory to conclude on the b Y sHanomalies.

A LHCb Run 2 dimuonresultsonP.6 and ot her opti mal
and equivalent studies with dielectrons

A LHCb full Run 2 results on Ry (so far only 2015-16 analysed)
and on Ry. (so far only Run 1 analysed), and analogous modes,
e.g.s,Y p K, B.Y Gl*l.

A Ry and Ry.results from other LHC experiments.

A Results from Belle II.

Most valuable will be theoretically clean observables that test lepton universality.

Personal opinion: even if current anomaly dissipates, the story has been very

useful for focusing attention on one of the less well understood features of the SM
(lepton universality), & also illustrating the power of a complementary ensemble of
measur ement s. S\ stueligseare surebdogmain of great interest !
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Other hints of lepton universality violation

There is another class of
decays, b Y &,l(tree level i
not a FCNC!) where there is
a stubborn longstanding
tension between data and
the SM expectation.

R(D¥*)

BR( B VD
BR(BY DOt 3

R(D®)

T

W/ =,
B{ :m }D

Studies originally motivated by sensitivity to charged Higgs, but results do not
favour this explanation and fit better with leptoquark explanation, but requires
some ingenuity to simultaneously explain this and b Y sHanomaly.

0.4

0.35

0.3

0.25

0.2

[ HFLAV average

Ay* = 1.0 contours

Missing energy means that measurements are ideal for B-factories, but
competitive studies have come from LHCb. More experimental input essential !

| LHCbI5 _
B BaBarl?2 _
L 30 ]
B LHCbI8 _
C ' Belle19 — Bellel5 ]
B Bellel7 7
— 3 o | Average of SM predictions HFLAV

- du R(D) = 0.299 +0.003 [ Spring 2019 | -
- tension OM=O2ER05 Po=21% ]

0.2 0.3 04 0.5

R(D)
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Charm physics
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Mixing and CPV In charm

~15 years ago, a flavour-physics lecturer would have been strongly tempted to
skip over charm. A subject with a glorious past (e.g. GIM, J/y), but little future.

Why so ? Firstly, mixing known to be small (GIM cancellations almost exact,
due to absence of super-heavy quarks in loops), maybe very small.

Charm mixing parameters How small is small? ~ 0.01? << 0.01?7? This
 chol | S the other probl em.
off-she Lo R
. . or oO0lighto & so hadron
intermediate Am J
(short-range) Xp = ——— 100E400 ——  Referenceindex — . .. _
states sensitive l_‘ 100801 |1 3 57 9111315 1A7 19 21 23 25 27 29 31 33 34
tO NeW PhySlCS 1.00E-02 4 T . o DD 91>)< i
A A A . - 2 2
on-shell _ R ba T 3 |o
- - AF 2 1,00E-04 | g . S |2
intermediate Yp = Pl i s, . s
; — x 1.00E-05 | b s 4 o =
(long-range) D 220 % te A 2
states 1.00E-06 + * =
O
(g s r espliiings between 1.00E-07 | T 3
; i 1.00E-08 — — =
neutral-D mass eigenstates) ’ N = Xp = Yo
1.00E-09

Infamous plot, first made by Nelson, &
here updated by Petrov, showing (very) wide range in predicted values of Xy & Yp.
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Mixing and CPV In charm

~15 years ago, a flavour-physics lecturer would have been strongly tempted to
skip over charm. A subject with a glorious past (e.g. GIM, J/y), but little future.

Similarly, CPV, both indirect (i.e. in mixing-related phenomena) and direct, is
also expected to be very small, once more because of absence of third-generation

participating i n virtual | oops (a 2x2
Reminder:
« CPV in mixing — g
S
‘gil 0.5;
p o

« CPV in decay-mixing interference —

7

10+ years ago, the constraints on indirect CPV

iIn charm were very weak (unsurprising, as one first needs sensitivity to mixing).

0.5

A

T T P T T TR PP
0 02040608 1 12141618 2 22
la/pl

But charm is a priori a good place to look for New Physics (NP) effects !

(i) Only system in which virtual loops involving up-type quarks can be probed,;
eas.i

(i) NP effects wild/ b e

er t o S ee



Mi xing studi-sebg MKt Gwr

Several ways to access mixing. One sensitive way is to search for interference
effects involving Doubly Cabibbo-Suppressed decays, e.g. D°Y K*" -.

Cabibbo-favoured (CF) amplitude 2
Decay-time

dependent é
rate /
Mixing \ Doubly Cabibbo-

N lise b amplitude suppressed (DCS)
rormatise by amplitude
right-sign decay rate:

t 12 12 ¢ 2 i ) o
R(t) ~ Rp +/Rp y' — 4 Tty <_) X 0 pEosSUX ypsinu
T y

p 4 T 6 Leoslyi xsinl

2 ~ >

, DS amp | _10.062 Mixingi decay Mixing ~ Where U ~ 10° is strong-phase
CF amp interference difference between CF &

(expansion in x6 & ybo, whicl?csélrpprétUdegmal32I)



First evidence from the Bfactories !

As data accumulated at the B-factories, a non-zero mixing signal began to emerge.

BaBar: 4k WS K* signal Proper-time distribution. g
- i 160u— - Data 3 =
decays with 384 fb, 140;:_ ] Mixing ft ER’S
N - " |Randomm, - g
o * Data ] 8 1200? .| Misrecon. D’ E “:‘U
9"1500_ JWS Signal - g 1000 Il Ccombinatorial | |0
> | & goo 0 b\ No mixing fit 3 |/
§ ~ |Random =, S cool EN
4 (1] — EEE -
~1000- _Misrecon. D° . 400 3 §
S Bl Combinatorial | 200 =l
7 > O
-9 - =
S 500" . 50 Lk =413
> e = - . _._[\--|'-‘ e N

LL : D \ S 0 L»T| H’ R

&_ é 50:_ 4“ Residuals between
1 0.15 5 0.16 r \T/T data and no-mixing fit.

Am (GeVic?) R e T I

t (ps)
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Rise of thehadron machines

First observation of signal in single measurement required statistical muscle of
hadron machines.. In 2013 LHCb & CDF published first (>)>50 measurements.

Candidates/(0.1 MeV/c?)
(=3}

This is the 2
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VS. proper time.

X 7

Linear slope \ o

comes from 5.5t
mixing-decay 5
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LHCDb sample is a just small fraction of Run 1, but is order of magnitude larger
These measurements also benefit from better time resolution.

than that of BaBar.
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Where are we now with charm mixing ?

Yp is now reasonably well known, but x; less so. In fact there is still only ~3 (i
evidence that x; is non zero. Important to improve our knowledge of x,, as size
of mixing parameters modulated size of any indirect CPV observable.

T I T T T I T T T l T T T I T T T I T T T

Tl _
2 i Current world average ] )
:0.9_ Adding recend "Rsub {1 DYK
B from LHCb [PRL 122 (2019) 231802] . .
0.8 —
0.7 -
0.6 — -
0.5 -

0-4 [ contours hold 68%, 95% CL

L P IR
—-0.2 0 02 04 06 038 1
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Search for indirect CPV Iin 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 K" analysis used for mixing discovery, now
updated with full Run 1 data & 2 fb! from Run 2, and study D° & D°%ar separately.

T — S - -
S 200 LHCh « Data ] 6 (a) -
| % 0l - D | T T frmr
StUdy I’atIO = :28? ...... Background | 2 5:_ LHCb _:
of WS & oot L F 1 For DO ¢
. O/ W+ - £ 5 100) ] 41 -
© @/ WSsignal | . 6F ) i
O;.OI()SI - 2010 I ‘20‘15I - 2020 lg 5 :_ _: e a n d
M(D') MeV/e?] — C — CPV allowed 3 0 A
LA | , A A - No direct CPV 1 D°b ar e
% 25[ LHCb « Data b Eee®™ No CPV .
é t O R S E 20; ® :;i;:ckground , r'|’1_1 i i : i ;
' oy K-+ § | | = ,
(i.e. DOY K’ %), 2 ~180M - = ijéand
VS. proper RSsignali & | difference
g I ] + an -
decay time S ] & | | 1 ofboth.
o ‘ . , 0 2 4 6 20
2005 2010M 02015 /2%20 tT
(D'n%) [MeV/c?
[PRD 97 (2018) 031101] Di fference f1l at Y no si
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Search for indirect CPV Iin charm with Run 2 data

LHCb samples have grown rapidly, and now allow for high sensitivity searches for

mi
ud  Significant increase in sensitivity since pre-L HC er a é ll»:/e|y_
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of 05 | P
(l i 20
o o
- B 1 d
BE Ar é
l a0
e - | i
(i A | -60°
' 0 02040608 1 12141618 2 22 > 06 08 1 12 14 18 1 d
VS la/pl lo/pl nce
d h
énow starting to approach the gi or
T e
[PRD 97 (2018) 031101] Di fference fl at Y no si

Flavour physics
September 2019 Guy Wilkinson 37


https://arxiv.org/abs/1712.03220

Searches for direct CPV In charm

And what of direct CPV ? Recall we need (at least) two interfering diagrams,
so we should pick a decays where leading tree diagram is not overwhelmlngly
domi nant Y s i-snoppresged (5€9) tebdysp e.g. DOY K*K-, DOY -

We measure an asymmetry

A DO5sKtK~ —DOSKYK™
CP~ DOSK*K- — DOSK*K-

The meson is neutral, but we are interested in direct CPV, so measure the time-
integrated asymmetry (still, possible residual indirect CPV effects must be accounted
for in interpretation - a charged decay, e.g. D*Y " *" =" *, does not have this issue).

Flavour physics
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Direct CPV measurements practical considerations

At the LHC can exploit two production modes, prompt (i.e. from primary interaction /
vertex (PV) ), or secondary (from B decay). Prompt is more abundant.

K-
K-
0 Kt
D - o
D** .-~
mg

Furthermore, in prompt case, choose to reconstruct D** Y D% .* decays, as the
charge of the 0sl dwarDfbaro méeded & gomstriciAg.v o u r
In secondary case the tag comes from charge of muon in a semileptonic B decay.

Flavour physics
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Direct CPV measurements practical considerations

When probing a sub-% A.p, one must worry about sources of fake asymmetry
that will contribute to raw value. So for D* tagged events* & final state f:

Araw(f) = Acp(f) + Ap(f) + Ap(ms) + Ap(D*)
V4 Vg V4 V4

what we detection detection production asymmetry:
are after asymmetry asymmetry there can be different
for final state for slow pion  numbers of D** and D*

must be zero for produced in acceptance

decays of D? into
two pseudoscalars !

Flavour physics * Analogous expression for semileptonic tags
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Direct CPV measurements practical considerations

When probing a sub-% A.p, one must worry about sources of fake asymmetry
that will contribute to raw value. So for D* tagged events* & final state f:

c/qraw'.z(f) = quP(f) + A ) + CAD(T[S) + CAP(DH-)
7 7 7

what we detection production asymmetry:
are after asymmetry there can be different
for slow pion  numbers of D** and D*

_ _ o produced in acceptance

Consider A,,,, for two final states: K*'K-and "~ ** -

A A, is not expected to be the same, as direct CP violation is final-state
specific (indeed the naive expectation if hadronic physics works just
the same for both is that Ap(KK) = - Acp(C ) );

A But A;(" o) & Ao(D*") is independent of final state, in given phase space region.
So measure gA.p , the difference between the two raw asymmetries:
AAcp = Arqw(KK) - Arquw(tn) = Acp(KK) — Acp(mm)

taking care to weight samples so both have same distribution in phase space. i



‘ Dawn of a new era: observation [PRL 122 (2019) 211803]
of (direct) CPV In charm

gA-p Measurement, published earlier this year by LHCb, harnesses full
statistical might of experiment, being first to use full Run 2 data set.

Method is intrinsically robust: e.g. syst. uncertainty on prompt analysis is < 104,

_ ' ,-\22()0?103. ——
< 000F LHEb 3 % 2000f
> : > 1800F
Dull plots, because 2 sooof t Data 2 1600F
effect is tiny, and = 000l W' kK = 14007
' : = . . |Comb. bkg.] Z 1200¢ . |Comb. bkg.
?Impst ||r_np035|ble < 000k 1 < 1000
0 visualise 3 : - 1 2 800F -
5 2000F 44"m|II|c?n 1 cor 13"rtul+|’|o_n
'c% 1000k DY KK ] 'c% 400F DY
ST - ;O 20 )
%OOS 2010 2015 2020 %OOS 2010 2015 2020
m(D°7) [MeV/c?] m(D°7) [MeV/c?]
Run 1 + °
_ 4 5.3U
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‘ Dawn of a new era: observation [PRL 122 (2019) 211803]
of (direct) CPV In charm

gA-p Measurement, published earlier this year by LHCb, harnesses full
statistical might of experiment, being first to use full Run 2 data set.

Method is intrinsically robust: e.g. syst. uncertainty on prompt analysis is < 104

3 3
_ 8 — ; ,-\22()()?‘10. S o
< 6000f LHCb 3 % 2000
A - 2 1800
Dull plots, because < so00F ata S 1600F
. . r 0 —
effect is tiny, and = o F W0’ kK] — 1400F
almost impossible S Jcomb.bke.{ = 1200F | |Comb. bkg.
. i P & 3000F 1 3 1000f
Q C - ] Q - .
to visualise = 2000F 44 million § 5 288:_ 13 million
- p— : " _ u . p— E Wl +, _
= 1000k DY KK ] S 400F DY
< - < C
@) N O 200 i
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o m(D°mt) [MeV/c2] m(D°mt) [MeV/c2]
Using indirect CPV
l.e. direct CPV

constraints in these ;
‘ Aadlr

. —4
channels can deduce cP — (_15'7 + 2'9) x 10 saturates result
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‘ Dawn of a new era: observation [PRL 122 (2019) 211803]
of (direct) CPV In charm

st
A Is the size of the effect compatible with SM expectations,

or is it too high, indicating possible NP contributions ?
The theoretical community is (inevitably) divided.

(e.g. compare [Chala, Lenz, Rusov & Scholz arXiv:1903.10490]
with [Grossman and Schacht arXiv:1903.10952] )

eff
A Next tasks for experiment: measure individual
asymmetries & intensify searches in other modes.
A very exciting programme lies ahead !

ACharm is certainly no |l onger tl1)e (

lllr\]_/ rdd }' LL"LVVID J lllr\]_/ rdd } Ll".lvvfb J

l.e. direct CPV
saturates result

Using indirect CPV

constraints in these dir 4 ‘
channels can deduce ‘ Aacp = (—=15.7£2.9) x 10
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Future of flavour

Flavour physics
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\ Why persevere with flavour studies ?

Devil 6s advocat e: given that CKM mecha
that we have observed B.Y ¢ eat (roughly) the right BR, why continue?

The big picture answer:

A The SM is incomplete;
A Many of the mysteries in the SM (& the cosmos) are related to flavour;
A Flavour observables can probe much higher mass scales than direct searches

And some specific considerations:

A We know there are important phenomena still to be observed (e.g. mixing-
induced CPV in B9, system, mixing related CPV in charm, BY ¢ eetc.);

A Similarly, there are many important measurements that can be made,
which are unfeasible with current sample sizes (e.g. electroweak Penguin
studies with b Y dll decays, or precise study of P.6  w i%f Khe*eB;

A Avery large number of current observables are theoretically clean &/or
statistics limited, so higher precision is strongly motivated (e.g. sin2b,
9, U, Ry, Rys, BR(BO.Y € §/BR(BY ¢ 9 etc);

A Arich field where surprises are guaranteed (e.g. no one was expecting

charm mixing, direct charm CPV, the X(3872), pentaquarksé ) .
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Unwise to assume ~10% Gourtesy Browder
(or even 0.1%) is 6

"A special search at Dubna was carried out by E. Okonov and
his group. They did not find a single K, = =n* == event among
600 decays into charged particles [12] (Anikira et al., JETP
1962). At that stage the search was terminated by the
administration of the Lab. The group was unlucky."

-Lev Okun "The Vacuum as Seen from Moscow"

BR (KO,Y " ")~2x103
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'The LHC scheduled current planning

_LHCb

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

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

phase-Il Upgrades

— Belle Il } > Belle 1l ?
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‘Why Belle Il ?

B production at the 3 (4S) presents several advantages over hadron environment

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

e.g.BYU3

€ ~
,_-—"VT
4.2 ”n - —
signal T v,
B- ----*

Missing £/ Z

"T{

z axis

B S 1v
candidate &
event
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‘Why Belle Il ?

B production at the 3(4S) presents several advantages over hadron environment

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

A Low multiplicity environment permits excellent performance for final states
with "9, d6s, phot ons. Al s o ,-liveyl pastidles &fahdiKc. i e

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

e.g. most modes suitable i"ﬁ et
for sin2b measurements | = e -

involving Penguin loops
(bYccbar s)

tough at LHC eéand other i my

FUB2E006 £ UWO

=oaie decays e.g. DY o 9

KN R, LK K QD) K
N N H H o H K

4
e S o ekiig -
r r 7
SR i By 00 are ess
‘: EaBé 7[i:j 1 UQ‘I FUB1 T gg::' ggg . .
o vera
v ==l inaccessible.
EAverag H 1 : 0.68° Hb@
-2 1 1 2
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‘Why Belle Il ?

B production at the 3(4S) presents several advantages over hadron environment

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

A Low multiplicity environment permits excellent performance for final states
with "9, d6s, phot ons. Al s o ,-liveyl pastidles &fahdiKc. i e

A Coherent B°B%ar production at 3 (4S) makes flavour tagging easier and
compensates for lower sample sizes in time-dependent CP measurements

e.g. in sin2b measurement
with BOY J ¥ Kg

o

U (tag effectiywv
[PRD 79 (2009) 072009]

X B°—>J/1|1Kg(n*rlc')

o

U (tag effectiywv

Raw Asymmetry Events /(0.8 ps)

0.5
[PRL 115 (2015) 031601] ST T
= w
0.5F {
JE , 3—
’ ’ At (ps)
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‘ SuperKEKB

SuperKEKB goals: luminosity of 8 x 103° cm=2s't and 50 ab! by 2027

- 105} -
T SuperKEKB KEKB
.E 35 6,~100um,c,~2um
i N KEKE e " :
.g 1034 | . - 2 ? ‘.—’_,'_’
a & PEPI 4~
33 (L g
3 10 _',::'TE TKI{;\II\L
31 " ‘RIS/ ¥ TRIST%“ - SuperKEKB
10 . oo BO L E:iz' { :’ ,~10um,c,~60nm
t si l \8 ’,,J ) 5 BEPC‘
10 30 @ o’ SppS”" N - - .
DCI™ seoe ‘ : :
108 L7 P . - _—
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.
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‘ SuperKEKB and Belle Il roadmap

x103h 10 : ! l I l l l L] l I l l l T T T T T T T
- L [— P SR 6 mo shutdown
w L - for RF upgrade
~N | I — A TR : p— -
Y| S - TEE ,
s B — Int . § L 2 & B 1 = : 5 4 o :
2 | 1
% I J30 ™
o I 4 ™
c 4 , 1 o
i’ 8 mo shutdown assuming we Jr0 U:
E replace PXD and TOP PMT 2 ...
30 - {1 -
2 Conservatlve -
v ke bbttbrh"'up és'ti h"iéte ............................................................................................. —10
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\ Belle |l detector

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

_LHCb

{ LHCD Upgrade | i > —_—
' ' Upgrade I
HL LHC —— “PY

2019 2021 2024 2027 2030

Install LHCb Install HL-LHC and Install LHCDb

Upgrade | ATLAS & CMS Upgrade Il

phase-Il Upgrades
Belle I = Belle 11l ?
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LHCDb 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
AAllows effective operation at higher luminosity

1) Full software trigger Almproved 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 fl avour (0a gener a
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Run 1 & 2 detector

EcaL HEAL M4 M3
M3
PS/SPD
Magnet RICH2 LY
M1
T3
T2

Al T T N

O 6




| - . - . Full s/w trigger :
Required modifications  Reviace readou

Calo system:
TT: replace with replace FE electronics

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

(SciFi) tracker EcarL HOAL M4 M5
: M3

VELO.. re_place with Magnet SeiFi  RICH2 M2
new Si-pixel detector Tiacker

O = =

o | | B | Muon system:

| replace FE electronics
RICH: new photodetectors ( P

and remove M1

] = L

and FE electronics, and modify
RICH 1 optics + mechanics
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