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Heavy Flavours ?
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The SM parameters for the fermionic sector

o 6 quark masses

o 3 quarks mixing angles and one phase

o 3 charged leptons masses
o 3 neutrinos masses

o 3 neutrinos mixing angles and one phase (if Dirac neutrinos)

... and many questions

Beyond the Standard Model Theories

o why so many fermions ? _
y y Jessie Shelton

o why 3 families ?
o why so different masses ?

o what breaks the symmetry between matter and anti-matter ?



Reducing the scope of these lectures ...

Why not the top quark ?

Heavy
lavours |

The decay «< m>= extremely short lifetime

Hadronization time ~10-23s

= no top hadrons

W
t > ‘/: b
th~1
Tevatron + LHC : [PDG]

Vil = 1.00940.031
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Top Quark Mass (GeV/c?)
Phys. Lett. B 181 (157)

Top in « Precision Measurements at Hadron

Colliders » lectures
Richard Hawkings

ime (sec)

Top Quark Lifet



The b qua rk 9.5-10.5 GeV : the seriesof Y

——— Y Y ™

-3 T
10 a)

P+ NUCLEUS - =2 +ANYTHING

o The heaviest quark that forms bound states

e ptus

(MB ~ 5.3 GeV) T S
T #
o Decays outside its family 3 'éai ?
- f
=
u C t & |
«g - t
d S b KL f
S |
= large lifetime ~ 1.5 ps S | {
= very large number of decays modes o
 CKM matrix
= large CP violation effects ol s

Excess larger than the experimental resolution ~ m(GeV)

= presence of more than one resonance



Heavy Flavours why 7

B decay of the neutron

Phenomena taking place at ~ 1 GeV reveals physics at the 100 GeV scale

~ 1 GeV
M~ 1 GeV

d

@ o}
>

Ve
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The top quark at an e+ e- collider with /s=10 GeV in 1987 |

et e —Y(4S) —BB at Js = 10.58 GeV Argus Collaboration
Phys Lett B 192 p454

Production of coherent BB pairs

2
mt _
Am, = 0.00002 - = | ps
B°—D*u*v GeV/c
1
BO—D*u*v ~ 0.5ps
Fig. 11: The fully reconstructed f ;
ARGUS event [;s} L. = m; >50 GeV
ete™ — T(4S) — B°B° — B°B° "‘ , >

as the first evide_gge for the B
occurance of BB~ oscillations. i i
B° o D;—pfu, A — ...
—0 - 1y
D~ —»,D°, D’ = Kfxy. B

First hint of a

o B e S
pidont e b really large my!
7% — 97, Dy — Kynyw;.
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o L
o il
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Neutral mesons mixing

Pairs of self-conjugate mesons that can be transformed to each other via flavour changing
weak interaction transitions are:

K- Do B -bd B -bs

They are flavour eigenstates with definite quark content |MO) |MO)
= yseful to understand particle production and decay

Apart from the flavour eigenstates there are mass eigenstates:
= eigenstates of the Hamiltonian |ML> |MH>

® states of definite mass and lifetime

= They are propagating through space-time

|Mp)=p|M°) + q|M°)
|My)=p|M°) — q|M°)

Since flavour eigenstates are not mass eigenstates, the flavour eigenstates are mixged
with one another as they propagate through space and fime



|IMO(t)) : the flavour state of a meson at time t which was produced as a M? at t=0

|IMO(t)) : the flavour state of a meson at time t which was produced as a MO at t=0

IMO(t)) IMO(t))
dt(IMO(t)>) (M F)(IM"(L“)))

v

= H (effective Hamiltonian)

: , assuming CPT
Moi/2T = M — 3" Mg — 5112 | (mass and total decay width of
\ - % M- %’r particle and anti-particle are the
same)

, l
i HIMy) = (M, =T ) IM,)
M :
/’ 12 \ [
p 2 HIMy) = (My = 5T ) M)
) 12 Mass states are eigenvectors of H
via on—shell states,
P> f — };"t 9




|Mp)=p|M°) + q|M°)

. i
|MH,L(t)> = e_l(MH’L_EFH’L)qMH,L(t = 0)) + B
|My)=p|M°) — q|M°)

Time evolution

Time evolution of a MO(t=0) :|M°(t)) and of a MO(t=0) : |M°(t))

IMO(D)) = g, () |MO)+ %g_(t) 1#1°)
IMO(0) = g-(6) IM°) + g, (t)  |M°)

More general formulae

—e —iMt (e—i%Amt—%FHt 1 e+i%Amt—%FLt)

1
2
1
— —€
Y

e—z.Mt <e—i%Amt—%FHt -i—z%Amt—%FLt)

M = (mg +myg)/2 and Am = myg — my,
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Starting from a B? the probability to measure a B? at time t is:

KBO H|B° (t)>‘2 = ﬂ(1 + cos Amt)
2

Starting from a B® the probability to measure a B at time t is :

> Tt For the B® case where AT ~ 0
KEO ‘H‘BO (t)> — e_(l — cos Amt) and assuming no CPV in the
mixing (Ig / pl = 1)

3 Ik o
) — P(B”()— B"(1))
< 0sf- == P(B° )~ T (1)

061

04F

02f

I S B K B R K B S S K R 11

.7(p55



Am can be computed in the Standard Model

Effective FCNC Processes (CP conserving — top loop dominates in box diagram):

b a5=2) d/s b [AB=2] d/s
v B° B° w ! t_ I w B
1 ¢+ |1 b

B° t 7
d/s W b d/s
—_—

CKM Matrix Elements

(forg =d,s)

Loop integral Non-perturbative QCD :
(top loop dominates) dominant theoretical
uncertainty

HCPSS 2017 Heavy Flavours Marie-Héléne Schune 12



We define x = [Aij

)

x : the mixing frequency in unit of lifetime

Xx=Am/T y=AI'/T

Different behaviors for the KO ol ~1
different neutral mesons : DO 10-3-105 10-3-105
B,° ~0.75 ~few%

1.0

N(T)/N{}‘o

05}

0.0

x>>1 rapid oscillation
x<<1 slow oscillation

— Ko . B°

1.0 d
K® — K° (unmixed)
N/No
05}
BY — B}
BS — B}
K° > K° (mixed) | DU I N i .
s T 0.0 2.0 40 60 | — t/z-
2.0 40 L 60 = d
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for the plot
Amg =10
ys=0.10
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Asymmetry

BY,

[a—
|

S
n
|

BABAR

1 PhysIRev. D67 (2|003) O720C|)2

AN
NN

-10 0 10

HELAV

At (ps)

LEP Tevatron, B-Factories, LHCb

Amy=0.5065 = 0.0019 ps
Precision : 3.8 10-3

candidates / (0.1 ps)

400~

‘. o Tagged mixed
SN y o Tagged unmixed

Q — Fit mixed

............ Fit unmixed

New J. Phys. 15 (2013) 053021
— —

1 2 3 o 4
decay time [ps]

HFLAV
CDF and LHCb

Am,=17.757 = 0.021 ps’

Precision : 1.1 103
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Effective FCNC Processes (CP conserving — top loop dominates in box diagram):

[AB=2]

d/s

_ AB=2 _
b [AB=2] dis

? 5’
dls . b
ﬂ —

Let's allow for NP in AB=2 transitions :

Cp, %8s = (Bq |H€ﬁ#l|?2)
T BBy

—)

HCPSS 2017 Heavy Flavours Marie-Héléne Schune

AmS® = Cg,Am5™

sin 28 = sin(26"™ + 2¢p,) ,
a®P = ™M — $Ba »

AmSP = Cg AmSM

¢§xp = (JBsSM - ¢Bs) )

15



A lot of inputs from B-Factories and LHCb

B4 sector B, sector
15
— &
m x S -
< kb UTgit _e_m 151 UTyit
B summeri6 E summeri6
B 10
5 NP fit - NP fit
_ of
of + of +
- s
_5_— E
X -10F
10k :
i -15-
_15-I||||||||I|||||||I|||I|||I||| _20:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 02 04 06 08 1 12 14 16 18 2
CBd B,

No sign of NP at the 10%-30% level ...

HCPSS 2017 Heavy Flavours Marie-Héléne Schune 16



Flavour transitions probe high mass scales in qguantum loops (eg FCNC)

CNP . (6)
0..
Ap Y

Leff — LSM + New Physics scale and

coupling

possible large
constributions

small

Ann. Rev. Nucl. Part. Sci. 60 (2010) 355, update from 2012

Operator Bounds on A in TeV (exyp = 1) Bounds on enyp (A = 1 TeV) Observables
Re Im Re Im

(5py*dr)? 9.8 x 102 1.6 x 10% 90x 10" 34x107° Amg; e
(5rdr)(5rdr) | 1.8 x 10* 3.2 x 10° 69x107° 26x1071! Amg:; ex

(ervHur)? 1.2 x 103 2.9 x 103 56 x 107 1.0x 10" | Amp:|q/p|, oD
(Cp ’U,L)(EL’LLR) 6.2 x 103 1.5 x 10% 5.7 x 1078 1.1 x 1078 Amp; |q/p|, [035)

(bpy*dr)* | 6.6 x 10 9.3 x 10° 23x107%  1.1x107° Amp,; Syks
(bpdr)(brdgr) | 2.5 x 103 3.6 x 103 3.9 x 1077 1.9 x 107 Amp,. Syks

(bpy*sr,)? 1.4 x 10° 2.5 x 10? 5.0 x 10~ 1.7 x 10— Amp,; Sys
(bpsr)(brsg) | 4.8 x 102 8.3 x 102 8.8 x 106 2.9 x 106 Amp,: Sy

17



Same physics, different environments

B-Factories LHCDb

BELLE 7 S o i Bl Tarto o BELLE Il GoseisTains

9.2010 19:49:24

Run 79646 Event 143858637 bld 19

Js=10.58 GeV
Js=7-8 - 13 TeV 18



B-Factories
— — RO +
5 B=B8Y/B
e d/u
et d/u
b = B0 o
| B=B"/B
B':Bt~1:1
Jre=1--

M(Y(4S))=10.58 GeV

only (B*, BY) are produced (no
fragmentation) Two independent b-hadrons produced

(B*, BY) are produced nearly at Time measured from primary vertex
rest in the Y(4S) cms

All t f b-had : B and Ay, al
Two pseudoscalar bosons with L=1, ypes o adrons ana Ap aiso

antisymmetric wave function Fragmentation tracks
If the two B could oscillate

independently: they could become a

state made up of two identical

mesons (=bosons), this would be a

Symmetrlc state ... HCPSS 2017 Heavy Flavours Marie-Héléne Schune 19



Back of the enveloppe estimates

Number of B produced in the
detector acceptance

1fb1 (2011) 450 10° b bbar pairs
+ 2fbt (2012)

425 fb'1(BaBar) 1.1 10° B Bbar pairs
700 fb! (BELLE)

Super B factories :
~ 50 107 B B pairs

Average B-flight distance
Event multplicity
Number of channels
Trigger efficiency
Tagging quality factor




Symmetries

Instructions by the VOC (Dutch
East India Company) in Aug |642:

“Since many rich mines and other Abel Tasman 1603 -1659

treasures have been found in countnes!

— -~

north of the equator between 15° and |- 3‘, | _Het JontI}aal
40° latitude, there is no doubt that |+ & L VANt

countries alike exist south of the E ‘ Abel Tasm%n

equator. The provinces in Peru and

Chili rich of gold and silver, all
positioned south of the equator,are |
revealing proofs hereof.”

Abel Tasman discovered Tasmania *1 Aasnis sov A
(Nov. 1642), New Zealand (Dec. 19621843 | |
1642), Fiji (Jan 1643), ... | © Niels Tuning !



conservation laws and symmetries

In classical mechanics:
symmetry principle - non observable quantity - invariance

Absolute position N Invariaonce under Momentum

non observable translation 2 conservation law
Absolute direction non Invariance under Angular momentum
observable K rotation K conservation

=> Noether’s theorem :
For any continuous symmetry for a given system
corresponds a conservation law for this system.

E. Noether

pS 2017 Heavy Flavours Marie-Hélene Schune



But also discrete symmetries

Space vector x -x  x
Momentump -p p -p
Spin s s s -s

Parity changes direction of momentum but
parity P: NOT angular momentum or spin

P :

HCPSS 2017 Heavy Flavours Marie-Héléne Schune 23



The way to parity violation :

« Before 1956 : the physics laws should not change under Parity
transformation (tested already for strong and electromagnetic interactions)

*in 1956 Lee and Yang proposed an experiment to test it for weak
interaction

« Done in 1956 by C. S. Wu and collaborators : the 60Co experiment

arie-Héléne § : 24




Schematical overview of the Co®? experiment

B decay : Co® (J=5) > Ni®®" (J=4) e v, (n>p e Ve)
Spin of the Co® aligned by a magnetic field

record the direction of the emitted electrons

Magnetic Co Ni
field spin  spin
A\

£ o

N\ —
Spin = | Ve
Momentum | /‘F €

HCPSS 2017 Heavy Flavours Marie-Héléne Schune
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Schematical overview of the Co®? experiment

B decay : Co® (J=5) > Ni®®" (J=4) e v, (n>p e Ve)
Spin of the Co® aligned by a magnetic field

record the direction of the emitted electrons

Magnetic Co Ni
field spin  spin

VAN P
| >
4
5
N —
Spin = 12lll Ve
Momentum | VZ/‘F €

HCPSS 2017 Heavy Flavours Marie-Héléne Schune
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Schematical overview of the Co®? experiment

« B decay: Co (J=5) > Ni¢"" (J=4) e v, (n>p e Ve)
 Spin of the Co® aligned by a magnetic field

e recordthe direction of the emitted electrons

Magnetic Co Ni Ni
field spin  spin spin

T VANVAN P AN

N — )
Spin = Il Ve 1& <
Momentum || /‘F € qT Ve

HCPSS 2017 Heavy Flavours Marie-Héléne Schune 27




Schematical overview of the Co®? experiment

« B decay: Co (J=5) > Ni¢"" (J=4) e v, (n>p e Ve)
 Spin of the Co® aligned by a magnetic field

e recordthe direction of the emitted electrons

Magnetic Co Ni Ni
field spin  spin spin

T VANVAN P AN

N — )
Spin = Il Ve 1& <
Momentum || /‘F € qT Ve

If P is conserved these two configurations should have the same probabifity




(Phys

. Rev. 105, 1413-1414 (1957))

Ni
spin
VAN

Ni
spin

T | I T T T T T
.20+ B ASYMMETRY (AT PULSE ~
z HEIGHT 10V)
g H; EXGCHANGE
wl & Lol x B‘l' c.Asl IN
-
|
(¢S 4
© T 1,00 C a8 —ax o L
Zlo g
E|Z
:z> ; OSOr Hf =
8|3 B
(&)
vV 0.80 =
] L ! 1 | | | 1
A R S 6 8 10 12 13 1e 18

TIME IN MINUTES

Magnetic
field

The electrons are
preferentially emitted in
the direction opposite to
the Co spin




Charge conjugaison (C) : Dirac 1928
Anderson 1932

particle < antiparticle
Q <4mm) O

Leptonic number <4 - Leptonic number

lead

true for all additive
quantum numbers

Anderson



T — U* vy

Spin of the pion : 0
Spin of the muon and neutrino : %

|:> spin

> Momentum

Ull o ll+ Uu - u+
< t'—1/ i <T— ® ~N—  °

Right handed neutrino Left handed neutrino

- Spin of the decay products . oppositely aligned

- Helicity of the neutrino is the same as that of the muon

Observations of the Failure of Conservation
of Parity and Charge Conjugation in
Meson Decays : the Magnetic
Moment of the Free Muon*

Goldhaber et al

HCPSS 2017 Heavy Flavours Marie-Héléne Schune Phys. Rev. 109, 1015-1017 (1958)




< I >

HCPSS 2017 Heavy Flavours Marie-Héléne Schune 32



P and C are maximally
violated in weak interaction

P

|-1+ tt UH
< > <— >

The v is left handed (the anti-neutrino is right handed)




HCPSS 2017 Heavy Flavours Marie-Héléne Schune
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The K%-K° system

Observation of Long-Lived Neutral V
Particles™
K. Laxpg, E. T. BoorH, J. IMPEDUGLIA, AND L. M. LEDERMAN,
Columbia University, New York, New York
AND

W. CHINOWSKY, Brookhaven National Laboratory,
Upton, New York

(Received July 30, 1956)

mm) Two states :

- ‘K2>+7r7m

Same mass (~ 500 MeV)

Brookhaven, 1956
M(mt) ~ 140 MeV

Very different lifetimes M(K) ~ 500 MeV

K, lifetime ~ 10000 K; lifetime due to phase space 35



CP violation in the K° system NB K =Ks and k=K.

B -m
E°>:\as>

—0
K > — . not CP

eigenstates

CP
eigenstates

One can build :

- ‘K >_> L CP(nm) = +1 and CP(rmm) = -1
2
if CP is a good symmetry for the weak interaction : |E><

HCPSS 2017 Heavy Flavours Marie-Héléne Schune 36




initial beam ————=
Ky and K, 2 5

After some time, pure K; beam

b
7

Search for the signal of the decay ’K2> >@#E far (20 meters)
from the production point of the K; and K,

(=

HCPSS 2017 Heavy Flavours Marie-Héléne Schune
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Cronin& Fitch experiment 1964

FLOOR PLAN OF EXPERIMENT

NEUTRON
NOMITOR _\l
oy g - LEAD
CONCRETE ./; TQJ//'\\\ COLLIMATOR -
3 77 \NNZZ7/ NN : charged tracks

detector

initial beam
Ki and K

HCPSS 2017 Heavy Flavours Marie-Hélé



signal

Two informations :
e The w*m invariant mass (m¥*)

background

cosO < 1 'T T

not
detected

[
»

* (-
HCPSS 2017 HeaW Flgj\./cours I)/Iarie—HéIéne

484 <m* < 494

f‘ﬂ%ﬂo

signal

N(signal) = 4510

494 < m¥*< 504

!

504<m*< 514

el

o

- 0.9996 0.9997 0.9998 0.9999

1.0000

* The opening angle between the two pions in
the K center of mass frame

NUMBER OF EVENTS



VoLUME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,’° MESON*T
1 964 J. H. Christenson, J. W, Cronin,I V. Ly Fitch,I and R. TurIay§

Princeton University, Princeton, New Jersey
(Received 10 July 1964)

We would conclude therefore that K,° decays to
two pions with a branching ratio R=(K,-7"+77)/
(K,° = all charged modes) = (2.0 + 0.4)x 10”* where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,°. The presence of a
two-pion decay mode implies that the K, meson
is not a pure eigenstate of CP., Expressed as

The Nobel Prize in Physics
1980

a-

James Watson Val Logsdon Fitch
Cronin Prize share: 1/2
Prize share: 1/2

The Nobel Prize in Physics 1980 was awarded jointly to James
Watson Cronin and Val Logsdon Fitch "for the discovery of
violations of fundamental symmetry principles in the decay of
neutral K-mesons"

R. Turlay was a PhD student
J Christenson was a graduate studen

« The discovery emphasizes, once again, that even almost self evident principles in

science cannot be regarded fully valid until they have been critically examined in

precise experiments. »  (From Nobel prize)

A|‘K2> >l

A

Today :

HCPSS 2017 Heavy Flavours Marie-Héléne Schune

%(2.27& 0.01 7)] 0~ 0.7 % precision !
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One word on precision and the search for NP

VoLuMe 6, NUMBER 10 PHYSICAL REVIEW LETTERS May 15, 1961

DECAY PROPERTIES OF K,” MESONS"

D. Neagu, E. O. Okonov, N. L. Petrov, A. M, Rosanova, and V. A. Rusakov

Joint Institute of Nuclear Research, Moscow, U.S.8.R.
(Received April 20, 1961)

1961

Combining our data with those obtained in refer-
ence 7, we set an upper limit of 0.3 % for the rel-
ative probability of the decay K,° ~7-+7+. Our
results on the charge ratio and the degree of the
2-decay forbiddenness are in agreement with
each other and provide no indications that time-
reversal invariance fails in K° decay.

' : 1964 ...
Stopped by funding agency Discovery

Precision is the key word, not only for K physics

Large statistics




Standard Model: the CKM matrix

...our toolbox

HCPSS 2017 Heavy Flavours Marie-Héléne Schune 42



Ve Cabibbo-Kobayashi-Maskawa matrix W

Two different way of seeing the charged interactions Q14.\
among quarks Vqlqz q,
In the basis dealing In the basis where
with mass eigenstates : charged interactions are just

between members of the same family

Y and « CKM » is diagonal
gvu U
- W ______ g
E A
U —(j,
Vs
- W ______
Weak interaction Mass eigenstates (flavour or
S eigenstates # strong interaction
\ eigenstates)
U ]
gv (d ) (Vud Vus Vub \(d )
U ]
- W------ S — Vcd Vcs Vcb S
- \b') \th Vis Vi )\b) 4




|I- Progress of Theoretical Physics, Vol. 49, No. 2, Februark 1973
1973

CP-Violation in the Renormalizable Theory Before the discovery
of Weak Interaction of the 4th quark

Makoto KOBAYASHI and Toshihide MASKAWA L
Prediction of the 3d

Department of Physics, Kyoto University, Kyoto fomily
# families # angles # reducible phases | # irreducible phases
n n(n-1)/2 2n-1 n(n+1)/2 —(2n-1)=(n-1)(n-2)/2
2 1 0
3 1
4 3
( \(d)
Vud Vus Vub d o
(u ¢ HV,V .V, |s oF Y
\th Vis Vi )\b/

a1d>

Ve Cabibbo-Kobayashi-Maskawa matrix 44



V* , # Ve 2 CP violation

‘U
CP

One amplitude : no sensitivity on phase (IV;l* =V";[#)

source | Al
<i/'

B

Al

45



No prediction on the Vj = they need to be measured
- Experimental observations :
/‘

(Vud Vus Vub \
Vcd Vcs Vcb
\ th Vts th J

1 A A2 A3

v

»

same 1-2 2-3 1-
familiy

HCPSS 2017 Heavy Flavours Marie-Héléne Schune




3 families 3 angles (0;;) and one phase (0)

Vub
- )
C1oC S15C S1207!
ij ij
Vekm = - $12€23 — €153513€" C12C23 — $12523513€" 523C13 S; = sin 6?,.1.
$12523 — C1C3513€ - C12573 — S12C23513€™ C23C13
. J

- Wolfenstein parametrization in power of A (=sin3.) = $12= | Vs | ~ 0.22

Vokum =
[ 1— %)F _ %)ﬁl A AN3(p — in) )
A+ %AEAE‘[l —2(p+in)] 1- %,\2 _ %,\4(1 +442) A2

| 31— (1~ 320+ i) —AN2 + %A}fl[l —2(p+in)] 1- %AQ}\‘* )
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Measuring triangles

Stay within the 3 families
(Vud Vus Vub \d° Unitarity of Vcgm VV' =V'V =1
(u c t)V,V V, |s

n
. Vil Vi = 6i,
\th V., V., )\b) >9 relations 2 ikV ij

HCPSS 2017 Heavy Flavours Marie-Héléne Schune 48



The non-diagonal elements of the matrix products correspond to 6 triangle
equations

(a) #

- Y.ldvus
\}td\{s ®
Vcdvcs

VoV + VOV VY =
Vu:) Vud + Vcb Vcd + th th =
Vv,

— ts
NNEAR :
e Via Via * Vs Vo + VoV

% ub "tb
VoaVob -

s ; (c)
td vcd + vts Vcs + th Vcb =

) Vis Vi
VisVib

ES
5 \ICS\;Cb

Vu*d Vcd + Vu: Vcs + V“ V =

ub c¢b

They all have the same area, proportionnal to the amount of CP violation in the SM

HCPSS 2017 Heavy Flavours Marie-Héléne Schune 49



“the"” unitarity triangle :  V,,V., + Vo V., +V,V,, =0

at order A°

Basis of the triangle aligned on the real axis, normalized 1o 1

V.V (1-22/2)n
=arg| —2-%. |=atan
A
y = arg —V“dV“f = atan(ﬁj
(1 s /2)77 "};'\} """ . V*V Vchcb P
Vufvud tf td oiBir= T
cb’cd o Vcchd
v B [
_ O w-2/2p 1 2sides; 3 angles
0=0; = aim : to overconstrain this unitarity
p=0: tiangle

V=03 precision test of the Standard Model



[

(1-4%/2)n

* The CKM magnitudes IV, | and
V| are determined from
semileptonic B meson decays

_ 2
dI" < G%|Vg|? | L (X |qv.PLb| B)|
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Inclusive vs exclusive

Experiment Theory
: B — Dlv, D*Iv, mtlv Lattice QCD,

Exclusive Vepl, Vil (low backgrounds) light cone sum rules

Inclusive [V, IVl B — Xlv, X,Iv Operator product

o (higher background) expansion

C(IS 5 __ I I B |_>])|*l\l) I I I I I I I I I I I __
: — B—-Dlv -
— [ Bomnlv ] i
>: 4.5 n Ny =P iV Inclusive— - i
Several theory models to - % izzziz Zi‘f’:f‘h IV,yl: GGOU ]
deal with the FF in B— D*lv 4 Vel: global fitinKS 4
Same data , variation of V, 35 - -
by +6 to +9 % r 3
i o ]
arXiv 1703.06124 and 5 s - ‘ ‘ TR
Phys.Lett. B771 (2017) 359-364 e TS RN K S P ol
34 36 38 40 42 44

H IV [107]



BO-BO oscillations

Effective FCNC Processes (CP conserving — top loop dominates in box diagram):

— [AB=2] — = [AB=2] =
b d/s b d/s

w o LR _

B’ t t B B° w! _ Tw B°
d/s W b d/s It | b
S — (e ——————

Perturbative QCD

Glg 2 :
Am, = Wmquw : ‘M‘ (for g =d,s)
Loop integral _/ Non-perturbative QCD :

(top loop dominates) dominant theoretical
uncertainty




(1-2%/2)n

_ [AB=2] _
d
r— >
WI . 1 W BO
[ I
dis 1t 1 b
— AB=2 - _
b 1A5=2] d/s
w p0
t t B
d/s w b




(1-4*/2)n

The apex of the triangle can be determined
- The area is known

What about the angles ¢

B Physics - 10 March 2015 -
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(1-4%/2)n

Measurements of the angles

B = arg VidVen. = atan (1=2°/2)
V.V, 1-(1-4/2)p

y = arg V“"V”f - atan| 7

'_; ________ » Cd\/cb p

Vuqud i thth oL +B +Y= T
chvcd S 0/ chvcd
Y p [

(1-2/2)p 1
CP violation !
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Three types of CP violatfion

A:B—>f

em(
A:B—f

CP violationin decay (« direct CP») :

CP violationif  |A|? # |A|?

A
B > f Only one
_ existing for
B r harged B
B A S f C
CP violatfion in mixing :
B > RO > f_ Not yet
observedfor
BO > RO s f B mesons.

CP violation in the interference
between mixing and decay :

BO
BO
BO
First observation of CP
violation in B decays : B°

sin(2B) measurement.
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an example of direct CP :y

measurement with DK

Z - ) 1-22/2  AX +O(2*)

A
(1-A%/2m |-y . )
ViV, /. VioVea
chvcd oL Vcchd
Y § [
0 (1-2%/2)p !
vV Vv
= ar ud uf
! g(vcdvcb :



w

Direct CP violation u
) v
// S 7/ — arg ud” u

Theory : Experiment :
* tree diagrams * alot of modes
 enough information to extraxt all th. parameters from data



B > D°(f, )K) A A(B‘—>5°(—> fCP)K-)erf(“‘e-Y)
FC B+—>D°—>f) ) A A(B+_)Do(_)fCP)K+)=Aei(6B+7)

[

Y : weak phase alters sign under CP
Op : strong phase : CP invariant A

r (B' — fcpK—) N ‘Ac + Auei(as_y) 2

= A x (1 +r;+2r, cos(SB - y))

r(B"—fK")= ‘Ac + A g% 2

= A% x (1 +r; +2r, cos(ss + y))
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Events / ( 10 MeV/c?)

Physics Letters B 760 (2016), pp. 117-131

400

LHCb -
300

2004 B*>[K*K 1 K*

100

6000

4000
B*SK*K |t

2000

S )

ity
5200

A L o-la |
5100 5300 5400 5500 5400 5500

m(DI®) [MeV/c?]

ls
5300
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Many modes are used to obtain the best sensitivity onthe yangle

A, DKp Recent results
B>D(K3mK B->D(Km)Knm § S D
B->D(KrK | s 5oDKnK
B.~>D.K B->D(Km)
B> D(KK)K* | B>D(hh)K
B->D(KK) 1t
B,->D(hh)d
B->D(mm)K* I
E B> D(rr/KK)K
B->D(K*K)K [ B> D(4m)K
1T
— 0.8
HFLAV 0.6
_ +4.7\o0 i
Y = (76'2—5.0) 0.4 —
i \
Dominated by LHCb 0.2 \\
%

[] Combined _

I

HFLAV
777 BB5D;K*
B*SD°K* |
[T B*—=D*K*+
E= B°>D°K™ —
B'SDK |

68.3% A

50

100




CP violation in the mixing

Mass eigenstates Flavour eigenstates

|M,) = p|M)+ qM)

|My) = p|M) — qM)

‘g‘;u P(B » B) # P(B = B)
p
q _P(Bq_’Bq)_P(Bq_’Bq)_1_|Q/p|4~ AT

= P(B, > B,) + P(By = By) 1+Iq/pl*  bm, P

So far only observed in the K system
Expected to be small in the SM ; ~ -5 104(By) and 2 10~ (B,)
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[7]

S

sl

Phys. Rev. Lett. 117, 061803 (2016)

[S—

2 ;
/{(/ |

|
| L L L I | L L L) I P 1 11 | | L L I T 11 1 I
LHCb D.uvX

2 s |
3 LHCb DOuvX — —t
Q DO D(*)‘U vX : °
=3 o BaBar D'lv —
- BaBar /I = . j
Belle /1 —
_4 1 1 1 1 | 1 1 1 1 | 1 1 1 1l |,| i 1 1 1 | 1 1
-3 -2 —1 0 1
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CP violation in the interference between mixing and decay

’B‘O cbdeccy > f
(Dd = q)mix_2 (Ddecoy
_(bdecoy
q)mix Bo
Mixing Decay
p Ve W Ve d b——2—— gy
— S — ) C
t,.c, 0
B?, ) cu}w+],c,u ) B, ) Vcs< s Eo
d Ve Ve b d d
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Measurement of sin(23) with BO—J/W K°

CP violation : difference between BY and _BO

V.V,
Veb B = Arg[\/cdvcb]

b = _C Jhy ta’tb
_ . C
B%, v

s> S T =V . *V
- = KO cs Vb
d d thVd VcbV
VipVig ViV |
b th W th d

B, b | e [TV (v, mzwd\V;%J
27' th th Vcd Vcb Vcs

Im(z X zi] = sin(2Arg(z2))

VCS W VCd d :>(Vcdvcs*)2

Experimentally clean (tree diagram,
second order diagram (penguin) has
- the same phase at first orderin A)
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What do we expect to see ?

_P(BY>fcp,at)—P(BO>fcp At) _
AcPAD=555 20) FP (BT rop b0)
sin 2 sinAt

P(B° > f.p,At) « (1 — sin 2f3 sin At)

P(BY > fzp,At) o (1 + sin2f sinAt)

F(At) F(At)

1 |

T sin2p

0

Everything perfect

l 7 T T I T Ti [ T T T B D SinzB

Add tag mistakes
Dilution: D=1-2w

0

Add imperfect
At resolution

0 -1 y L
, ' 2 t
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(t) = Prob(B () = fep) - Prob(B°(t) = f») = sin(2B) sin(Armf)

Prob(B°(t) — f.,) + Prob(B°(t) — f.,)

B-factories

8

g

Phys. Rev. Lett. 115, 031601 (2015)

o o
[ ST
T T

; »}Zm _E 04 . . . .

2
<
2
2
g
@
e
g' 0 - g - r 1 17 E
§02F W‘Zg = = LHCb -
04F . . . — g -
g 300 | ' E 7 E
AN ] < -
I '_Z e VAR ~ ] s / \;-
% 100F e ; % — :
- A el B . _ 2{) L E =
g o4 + @ 2 3 E
£ 02 /“b:{,q% 1A -0.2F ]
Z of | + . 03F E
/[ W I = ]
z 02 — —
— 3 _ C. o, 1 L
Z 04F . : = 04 5 10 15
> 0 > At (ps) 1 (ps)

sin23 = 0.687 £0.028 £0.012
BaBar Phys.Rev.D79:072009,2009



sin(2p) =sin(20,) HELAY

BaBar ! , 0.69 + 0.03 + 0.01
PRD 79 (2009):072009 : ;

BaBar y_. K.: P . 0.69+0.52+0.04 +0.07
PRD 807((‘200093;112001 P —

BaBar J/y (hadronic) K P Y 1,561+0.42+0.21
PRD 69 (2004):052001 : ; ;

Belle ; : : 0.67 +0.02 + 0.01
PRL 108 (2012) 171802 |

ALEPH . , 084795 +0.16
PLB 492, 259 (2000) R y

OPAL ; R 3.20 300+ 0.50, |
EPJ C5, 379 (1998) : F o

CDF | P - 0.79 ‘0%
PRD 61, 072005 (2000) i T

LHCb E : : 0.73 +0.04 + 0.02
PRL 115 (2015) 031601 ;

Belle5S E : . 0.57 +0.58 + 0.06
PRL 108 (2012) 171801 ! T

ﬁgﬁ'&a e . 0.6910.02 3 % precision !
-2 -1 0 1 2 3
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At LHC the equivalent of BO—J/W K® is B(—J/W ¢

BY > f : -
¢s — Qbmix — 2 ¢dec
P RO Paec ®, is the equivalent to 2
S
-~ - 2 a’a’
b t,c,u 8 b W+ s
B W W ES BY t,e,u yt,cou BS MIXIﬂg
S tyc,u b S W- b
- - ~ANNANS
T/ d‘ /v
‘ Decay
h*h~ . h*h-
(a) tree (b) penguin
¢S=_2 65

HCPSS 2017 Heavy Flavours Marie-Héléne Schune
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PS — VV, admixture of CP-odd and CP-even states, measure also Al..
= 3 “P-wave” amplitudes of KK system ( Aperp: )

o 1 “S-wave” amplitude (A;)

o 10 terms with all the interferences

o s, Alg , T

+ B.—J/W fy(nr) simpler analysis (PS ->V P§)

Experimentally :
o Relatively large branching ratio.
o Easy to trigger on muons from J/@ — ptu-.
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Candidates / (0.274 ps)

Candidates / 0.067

- 8 8 8 8

10°

102

10

1400

EETIT BT BRI B ETITT

1200
1000

C T l u
C\ 1
.\ N
E o\ n
- \ .
— \\ / B
- \ - :
- S-S .
o S [ s
1 -0.5 0 05 1

cosB,

Candidates / 0.067

Candidates / (0.067 &t rad)

N - ~

- —~ ~
600 — // \\

- e \\
400 B >
200 00 TTTeemmmemeeeeem T

C S T R .

Pt

1400
1200

lllll[l

4‘ 4

+ .

41 J
+

+- J

I-*l‘+lll|lll-

1000

800 -
- —— —_ -
u ~ ™~ - ~ -
- ~ ™~ g —
600:;’,/ N~ N
400 - _ L= -3
[ \\ e So e n
- S ,/ \\ // .
200:__ \\\_‘,’, \\\‘_,’, —-
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0.10

0.08

0.06

SM : ©,=-0.0370 £0.0006 rad

(prediction from a fit using other

measurements)
pogfo: [

68% CL contours
(Alog £ =1.15)

CMS 19.7 fb !

LHCb 3 fb!

00 02 '01_4'
¢ rad]

73



CP violation has been observed for K mesons and B hadrons

What about charm ?

3 25
s 40f N m50
Not yet observed : < o | )
i ~
1y
measurements : e ¢
consistent with the -20; _// x
point (1,0) @ 0 ’
-60
06 08 1 12 14 16
NB : expected to be tiny in SM, also Ip

a good place to serach for NP
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N

1-2°/2)n

agreement

with

B Physics - 10 March 20

0

(1- /1'2 /2)p



1.5 1L I | L ! LI L) |$l 1T 171 I | L T T T 1 . .
[ omhciiaentes Gu> 055 | Y i http://ckmfitter.in2p3.fr/
[ v gg ]

10 - % Amg& Amg
b :
- sin 2B .

05 |- -

= 00 N

I g

-05 — i

1.0 Y € See also
- ; sol. Wi cos2p<0 - http://www.utfit.org/UTﬁt/
- ICHEP 16 {excl. at CL > 0.95) —

-1-5 | I | I L1l 1 1 1 11 1 1 l L1 1 1 I L1 1 1 l 11 1 l—

-1.0 -0.5 0.0 0.5 1.0 15 2.0

p
« The CKM matrix has a clear (and not explained !) hierarchy

With the current precision, CP violation well described by the CKM
mechanism
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Simulation of a | TeV proton
hitting the atmosphere...

* Anti-matter in cosmic rays

* No sign of light emission (anti-galaxy ...

*No sign of anti-nuclei (anti-He* ...)
Searches on-going

/-_.\




Anti-matter in the Universe and Big Bang

Antfi-matter Anfi-matter

P 000,000 07N ~ 000.000.07 N
N S

q Q
N g @
Today

Primordial Universe

n(baryon) — n(antibaryon
(baryon) — n( y )~610‘1°

ny

The 3 Sakharov conditions(1967)

1. Baryonic number violation: X>p e
2. C and CP symmetries violation: T(X=>pe J#[(X>pe*)

3. To be out of equiliorium: (X=>pe |#[(pe—>X)



Anti-matter in the Universe and Big Bang

Anti-matter Anil-matter

\_,/ \_J/

q Q
N g @
Today

Primordial Universe

n(baryon) — n(antibaryon
(baryon) — n( y )~610‘1°

ny

The 3 Sakharov conditions(1967)

1. Baryonic r
But the CP violation phase of the SM is

2. Cand CP orders of magnitude too small

3. Tobe out Ui cyumuuIl,. T WA 7 uS T Wwe 7



What about QCD ?

We need to better understand QCD for a fully efficient extraction of CKM parameters
... and/or to find experimental workarounds to avoid these related theoretical
uncertainties

But b-hadrons studies are also a tool to study QCD
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Observation of new baryons

=P NS Kt (ccu) baryon

400,
S| J; — data RS
2 oo — + data WS
g a0 [, © data S8
200+ s &
S | temed ey
— 2250 2300 2350
8. 200 M(pK x") (MeV/c?)
8 .
S 1004
=
S LHCb 2016
0 | |
3300 3500 3700

M(=5) (MeV/c?)

First baryon containing two heavy (c or b) quarks
= very interesting tool for testing QCD
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The quarks model Gell-Man and Zweig (1964)

Volume 8, number 3

PHYSICS LETTERS

1 February 1964

If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken '‘eightfold way' 1‘3), we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical "bootstrap' model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from self-consistency
alone 4). of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

Baryons, mesons... and

more ?

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL- MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

ber nt - nf would be zero for all known baryons and
mesons. The most interesting example of such a
model is one in which the triplet has spin 3 and

z = -1, so that the four particles d-, s”, u® and b®
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, z = -7, and baryon number ;.
We then refer to the members u3, d-3, and s~3 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations
(aaq), (@qaqd), etc., while mesons are made out
of (qd), (qqqgq), etc. It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.

il

(M

AN SU3 MODEL IPOR STRONG INTERACNION SYMMETRY AND ITS BREAKING

)

%
G.Zwelig

CERN ~ Geneva

ABSTRACT

Both mesons and baryons are constructed from a set
of three fd:?;menbul particles called aces., The aces
break up into an  digespin doublet and singlet. Lach ace
carries baryon number % and ig conseguently fractionally
chargod.  SUs (but not the Bightfold Way) is adopted as

a higher symmetry for the strong interaclions, The break-—

baryons : qgqaqq

mesons :

M




A > J/LIJpK decays Phys. Rev. Lett. 115, 072001 (2015)

&G T | | L BN I
o 2oF LHCb ]
3 7000F ' S ]
= E LHCb Q24 -
< 6000F Nl ]
£ 50008 £ 2of .
& 4000F : :
3000 ——> ]
2000F [ ]
1000 — 18 -
05500 5700 16E ]
M ypkp MeV] 2' P IR S B E—
(a) C 1/ (b)
W' (—: q)
0
A —>—
by U 0

A pentaquark ?
short-lived ~10-23s resonances:
mass peaks

angular distributions (unique JP quantum numbers) .



Analysis with all what is known : Phys. Rev. Lett. 115, 072001 (2015)

= 2200 —a— data
= 2000 t — Loatgll(ﬁiound Data
T 1800 : (a) LHCb ---!--- A(1485) )

“ Fit
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Adding 2 P, states:

* —a— data
2 o e
To) a
= 1800 ¢ @ LHCb —a— P,(4450)
> ' —=— P_(4300)
£ 1600F- & --dp-- A(1405)
i -3 A(1520)
m O < A(1600)
12000 (P e A(1670)
¥ ~-axeee A(1690)
1000 - == A(1800)
;! -ze A(1810)
800F- ’,'3. cetene A(1820)
soof- & ~owee A(1830)
: —eeacee A(1890)
400 <eetree A(2100)

A(2110)

Mass (MeV)

4380+8+29

eV)
8
(=]

Events/(15 M

Phys. Rev. Lett. 115, 072001 (2015)

~
o
(=]

[e2]
o
(=]

o
o
(=)

o) *t LHCb

205+18+86 8.4+0.7+4.2

4449.8+1.7+25 39+5+19

4.1+0.5+1 .1

JP=(3/2-, 5/2%)

Data

Fit
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Possible layout of the quarks in a pentaquark particle. The five quarks might be tightly
bound (left). They might also be assembled into a meson (one quark and one
antiquark) and a baryon (three quarks), weakly bound together (Image: Daniel
Dominguez)



But also a tetraquark ! Belle, BaBar, LHCb

B>y 'n-K+, peak in m(yp'n-), charged charmonium state must be exotic, not gq

il e T
N>IOOO —s=— total fit --+-- total fit with no Z(4430)
O | —— Z(4430) excluded
O K (892)
- —— Z(4430) JP=1+
g | —— K S-wave
—— K,(1430)
i | —o—bgckground
K (1680)
& 500 — e _
~N—
<
S
o)
=
o PRL 112 (2014) 222002
T 18 20 22 % [ uen M
> iGey2® [ LHCb
m\l”f © -% 200 —1.0<m§+n_<1.8 GeV? —
First observed by Belle in 2008 :53 100{- -
LHCb ruled out other possibilities in 2014 [




Searching for New Physics :

rare decays

Operator Product Expansion allows to separate

* the low energy effects (non-perturbative QCD, difficult to calculate), form
factors, decay constants ... (O)

* the high-energy effects (perturbative QCD + weak interaction+ potential

New Phvsics) (C)
4 GE

Hor = =2 VaVi (30 (GO + C;'(uff(u)))

i=1..-10,S,P /’

i=7 : photon left-handed

i=9 : vector current part

right-handed
part

=10 : axial-vector current u is the limit between the two regimes (few GeV)

i=S,P : scalar, pseudo scalar
operators

Modified Wilson coefficients: C, =C* +C”
Additional New Physics operators: > C*O* &7

NP :



Bd,s9 L

b ¢ H D> <= <= [
W : _Z < O > < O '
e e+ 8- et
s t %

left-handed particle right-handed particle

W= _
b j B E a left-handed anti-particle right-handed anti-particle
t Vi
5 - wt
W+

SM : very rare (V,q, helicity suppression)

In the SM, in the massless limit: left-handed anti-particle &right-handed particle
are forbidden

( - )

B(B° — utu~) = (3.6540.23) x 107° | SM prediction
B(B° — ptp~) = (1.06 £ 0.09) x 10717

\. J

Due to CKM, the B4 modes are further suppressed by a factor 1/30
Search for By and B,: the branching fractions could be modified differently by
New Physics 88



0

Sensitive to the scalar sector of flavour couplings

) ) I - e e
h \H 0 0 ) ) )
¢l S hAH B £ A - - _H‘l —
j__()_' TH W u s

|

In New Physics models with an extended Higgs sector the BR can be largely
enhanced
BRMSSM oc tano/M*

| here, tanf = ratio of the vevs of the two
Higgs doublets w“



10°¢

1077

1078

107°

Limit (90% CL) or BF measurement

[0

Clean experimental signature (TeVatron, ATLAS and CMS)

TTTI

g N

= * S YV A

- v N

e Yoo ST

xR

— e o

5_* ....... o

= * CLEO /\ Belle [T

— | % ARGUS [ ] BaBar

~ | VYV UA1 BN LHCb

= s coF 06 ONs  [————

- | VV L3 { ATLAS . 0

~ | AA DO @@ cus+LHCh | SM: B — pfu-

E 1 1 1 1 l 1 1 1 1 ] 1 1 1 1 ] 1 ] 1 1 I 1 1 1 | [ 1 1 | 1 l

1985 1990 1995 2000 2005 2010 2015
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90



Main ingredients

o Huge sample of B mesons

o Efficient trigger

o Powerful selection

o Vertex resolution

o Mass resolution

o Muon ID
o BDT algorithm

> L B T T
= lLs o LHCb 3
g - 3
‘Q - -
g0 E
.—O—.
107 =
._O_.
3

10‘%_ m Signal _§
e Background : -—<F—:

10* = ' S

02 04

Bkg
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Candidates / ( 50 MeV/c?)

Candidates / (40 MeV/c?)

35

p— — N ) (%)
9] e 9] (@] ()] (@)
| | L I! LI I Frrryrrrrypret

]

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

Total
LHCb — =B - "
BDT > 0.5 == B -

------ Combinatorial

----------- B, = h*h"

== B o (KR,

crimn BY g0y
0 _

e Ab — P Vp.

B — Jyutv,

lIIllllIIIllIllllIllllllllllllllll

Try

5800
My [MeV/c?]

5600

6000

BB — wtu~) = (3.0 £ 0.6*93) x 107

BB® - ptu~) < 3.4 x 1071,

Phys. Rev. Lett. 118, 191801 (2017)

iy
(o2}

-t
N

-
n

—
o

@©

]' Ll Ll LS I Ll
—4— Data

[ By
B’ ptw

- Signal and background

- « = Combinatorial background
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B(B® — ppt) = (2.870%) x 107°
B(B® — p~p*) = (3.9573) x 10717

Nature 522, 68-72 (04 June 2015)
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Constraints on New Physics models

In favourable cases (large tan B)

2.0 :
i L MSSM-LL :
[N ' i
1 .
+ .
% a
T 45
= 1
e,
=
/M
> 05
-
000 A 4 L L - L L 1 - 1 A L L A A A L 1] 1
0 RSc 10 20 30 40 *
109 x BR(B,, — u"'u_) pre-LHC

modified from [NC C035N1 (2012)249]
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B(s) - T

* Experimentally very challenging due to
final state neutrinos | A

* LHCbuses t— m " m v decay

* Fit the output of a NN using Run1l data I

Z081SZ(/T0Z)8TT14d

3 10* & ]
§ LHCb
5 107 ; * First experimental result on the B,
§ [ —‘—Data 0 + - -3
O 10° E — Total BR(BS —>T T )<68X10 (95%CL)
- == -1 x Signal
10 £ — Background T o
: * Best limit on B°
| ¥ _ _
SFes bl BR(B® —7777) < 2.1x10™ (95%CL)
EO-_ =
Y { P P PR PPTUN BT PN PRI PR PP P i .
% 0.10203 040506070809 1 * Still orders of magnitude above SM but

Neural network output proof of concept that rare decays into

taus can be done at hadron collider



b->slf transitions

d d d

BR° _ o K*0 RB° K0 B° B K*0
b u/c/t 5 b W+ 5 B u/c/t <
T e T
W . Pt
~/Z° v/Z°

Relative importance of the different diagrams varies with g?= M?(£*¢)

Many observables :

o BF (but large theoretical uncertainties due to non-perturbative QCD)
o Ratios of BF (test of LFU)

o Angular observables
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Study of B®>K%* uu,

4 particles final state
System described by:
°q? =M?(£¢)
*3 angles

Interferences between \é x and their right-counter parts
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BO N K*OMM
Matrix element of the decay depends on the K™ polarization

... 2 Amplitudes

an example : Q
eff "(eff eff (e Vig?
mpg + My«
FEDE)
¢

Effective coupling for a potentially higher energy scale : Wilson coefficients
Cy.9,10

Hadronic (non perturbative ) effects : Form factorsV and T . Models or lattice
QCD

The amplitudes depend on g?
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d*T 9
dg?dcosfydcosfxdop 327

[If sin? O + If(:os2 Ok

+135 sin? O cos 20, + I 5 cos? Ok cos 26,

+ 15 sin? O sin’ Bp cos 20 + 14 sin 20k sin 26, cos ¢
+1 sin 20k sin 6y cos ¢ + I sin? Ok cos O;

+ 17 sin 20k sin 0y sin ¢ + Ig sin 20k sin 26 sin ¢

+1g sin’ O sin’ 0 sin 2¢ ] ,

The Cl'; ;oare encoded in the I; o

Ratios of |; can be built to remove FF dependence
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- Angular analysis in bins of g2

~ 100 —
an example : 2 | LHCb
Z o0
o) L
= L
5 60E + |
40_—+
20F
ql I‘—O.S.IIIOII
B " LHCb i

Candidates / 5.3 MeV/c?

1.1 < 42 <6.0 GeV*/c*

0.5

100

)
=)

1.1 < ¢2< 6.0 GeV¥/c*

5400
m(K i) [MeV/c?]

5600

Candidates / 0.1

Candidates / 0.1 & rad

JHEP 02 (2016) 104

100
80
60

40

—
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1.1 < ¢*<6.0GeV*/c*

20
0 SO ] NN ]
-1 -0.5 0 0.5 1
cos 6,
N LHCb ]
80 1.1 < ¢2<6.0GeV¥c* |
o Lt b :
T I + ]
i T
20 _
e -
N | TN N
0 0 2
¢ [rad]
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LHCb 3
SM from DEMV

Mainly parameters values

'
I

extracted in each g?bin : S

(-t T T

)
I

LHCb

'
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LHCb

'
I

Mostly in agreement with SM predictions
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N 3
C LHCb ]
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Re (AL AL* — AR pRx
Not all of them Pl =\ (AvAT" — 4747

Q4B LR (JAF + 147 + |4k 2 + 148 p)

‘Q-‘ Ve 1_ T T T T l T T T T I T T T T I T T T _II
- « LHCbdata © ATLAS data i
= = Belledata © CMS data _

0.5H SM from DHMV  —

i —r— | SM from ASZB ]

ok ‘ ] i

i 7 ‘ - o
—0.5 __ ‘ _"_‘ 5_ | (L./j 7 ;i—ﬂ
~1= Ol | -

PR T 1 PR TR T TR N
0 5 10 15
g2 [GeV?/c4]
LHCb JHEP 02(2016) 104
Belle PRL118, 111801 (2017)
ATLAS, preliminary Moriond EW 2017
CMS, preliminary Moriond EW2017



In the SM : 0 The only difference is kinematics

_____ / f=e, porT (lepton masses)
E_
Y, Z°
2 dU[BY = K*utu] From a detector point of view
max 2 .
Gonin dg? dg R leptons are very different
R - K*
K e dU[BY—» Ktete |
qr2nin dq2 dq
+ PRD 86 (2012) 032012
—e-LHCb -m-BaBar -a—Belle * PRL 103 (2009) 171801
R e L L L L I LA B 20 77— arXiv:1705.05802
[ LHCb ] % - ]
R i e i B ]
: - - | o B
1: Al + SM_ LOf .
0.5:— [LHCb - PRL 113, 151601] —: 0.5 - ® LiCH ]
5 [BaBar - PRD 86 (2012) 032012] - C ¥ BaBar
i [Belle - PRL 103 (2009) 171801] ] . LHCb A Belle -
0 * : * : . : * . : . 4 . : : . . : 4 4 L . 4 0.0 i 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1
. 3 N o2 0 5 10 15 20
q [GCV /C4] q‘2 [Ge\/2/64]

2 — 3 o effects
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: o PRL 118 (2017) 111801
Test of lepton universality in angular observables : BELLE

1-5 T T T T ] T T T ] I ) T T T | T T T T
3 1 SM from DHMVILQCD -
™ 4 All Modes b
N ¥ Electron Modes ]
[ HH  Muon Modes 1
0.5 | .
. | — |
: —p—
05 [ : , - | i :
[ 1
-1.0 F ? .
_15 i L L L L 1 L L L L 1 L L L L 1 N N N L
0 5 10 15 20

q° [GeV?/c?]
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2 — 3 o effects ... statistically very limited but a consistent pattern

A lot of theoretical activity

flavio w21

—— LFU observables

b — spp global fit
all
———all, fivefold non-FF hadr. uncert.

|

—-1.0

T
—0.5

Re C}

1
0.0

0.5

HCPSS 2017 Heavy Flavours Marie-Héléne Schune

1.0 1.5

arXiv:1704.05435
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Another tension in LFU tests: B=> D®
/H— /:/—
S b— »— C *
B{, & 9 9. DY

_ BR(B — D(*)TVT) In the SM the only difference is the lepton mass
D) = BR(B - D(*),LL ) - precisely predicted

Sensitive to charged Higgs, leptoquarks...

Challenging channel : TOUVV
* 2 to 3 neutrinos (t hadronic decay or muonic decay) TONRTV

« Backgrounds (partially reconstructed (D**), combinatorial ...)
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Aim is to reconstruct the kinematics of the decay

... despite the missing neutrinos

LHCb

T<c<c T

Takes advantage of the large boost

- flight direction to measure the
transverse component of the missing
momentum

- Boost > energy release in the decay
= reasonable approximation of the
rest frame kinematics

B-factories

Reconstruction of the other B (no other
particles) : hadronic or semi-leptonic
(less constraints)

- little activity in the calorimeter

- Use the total cm energy
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BaBar had. tag
0.332 £0.024 £0.018

Belle had. tag

HELAV

7

0.5

0.293 £0.038 £0.015

Belle sl.tag
0.302 £0.030 £ 0.011

Belle (hadronic tau)

Belle, PRD92,072014(2015)

045 Belle, PRD94,072007(2016)

0.270 £0.035 £ 0.0Z7

LHCb
0.336 +£0.027 £ 0.030

LHCb (hadronic tau)

Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

Bl

04

0.35

0.3

0.285+0.019 £0.029

Average
0.304 £0.013 £ 0.007

S. Fajfer et al. (2012)
0.252 4 0.003 *

HFLAV

|—.{.—i\\
B
=] N
/
_’ ' @
'
'

0.25

Pr—

0.2

T T I T I
BaBar, PRL109,101802(2012)

LHCb, PRL115,111803(2015)

Ax* = 1.0 contours

——= SM Predictions

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)
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Results 46 away from the SM
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' Accumulations of tensions wrt SM

In some cases :
negligible theoretical uncertainties
but experimentally challenging

A common pattern ?

but no single effect > 5 o (yet)

At the electroweak scale, the
CKM mechanism dominates
CP violation

More data |
Run-2

Belle-2

HCPSS 2017 Heavy Flavours Marie-H€ U pg rad eS (LHCb)



We are here

2010 2015 l’ 2020 2025
B < _J,_ Belle 2
charmT LHCb, ATLAS, CMS LHCb upgrade(s), GPD upgrades
. FCC-ee
charm BES Il Extreme
NA62 ?7? flavour
Kaons 22
KOTO o
muons JL MEG MEG2, COMET, Mu2E, Mu3E

+ improvements on the theory side

In 1964 the discovery of CP violation came as a surprise

HF physics is instrinsically linked with matter-antimatter asymetry but SM
does not provide the proper amount of asymetry

HF physics offers a unique opportunity to access NP at very high scales

Some interesting hints, but more data is needed to conclude

HF is much more that what | had time to touch on ...




Thank you for your attention

Based on lectures given with Achille Stocchi
and also on slides from Tim Gershon, Gerhard Raven, Niels Tuning

and EPS2017 results

Heavy Flavour Averaging Group http://www.slac.stanford.edu/xorg/hfag/
Reviews of the PDG : http://pdg.lbl.gov/2017/reviews/contents sports.html
The Physics of the B factories arXiv:1406.6311

CKM fits : http://ckmfitter.in2p3.fr/ & http://www.utfit.org/
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Backup slides
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Dirac’s Nobel prize lecture (1933 !)

If we accept the view of complete symmetry between positive and negative electric
charge so far as concerns the fundamental laws of Nature, we must regard it rather as
an accident that the Earth (and presumably the whole solar system), contains a
preponderance of negative electrons and positive protons. It is quite possible that for
some of the stars it is the other way about, these stars being built up mainly of
positrons and negative protons. In fact, there may be half the stars of each kind. The
two kinds of stars would both show exactly the same spectra, and there would be no
way of distinguishing them by present astronomical methods.
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Different values for x :

By * e d
(] —diinnnnns b

F(m)WVaV P~ miae
f(m)[V_V,T ~ m?4° totally negligible
Slow oscillations Am, ~ 0.50ps™
1/T, ~1.50ps
X=Am, /T, ~0.75

B b e s
S - —
B, t ] B,
_ W _
S llllllll b

F(m) ViV I ~ F(m,)A°

_ ~ M2
X, =Am_/T_ ~m;

~ very large x.>>1

[Vu*chb ]2 ~ A

Am_ ~ 17ps™
1/T', ~1.50ps
X=Am,/T,  ~25

Rapid oscillations




§ ds ds D°
_ A _
[ PR c
f(ms)[\/;Vus]2 ~ f(m, VA2
f(md)[\/c’;Vua,]2 ~ f(md)ﬂu2
K C c K°
_ A _
| ———\conmooos S

f(m )V V. 1> ~ fF(m)A?




Extraction of sin2[3 from J/y K° theoretically clean at % level @\p

b S C b _ 5&&%@ . S
0— E J/\ll _ "" t ~ :-' —
8%, s = B, K
d d K d d
Vcb V*cs

Vs Vi Order A4

1. The diagram at tree level is dominant

2. The second diagram (Penguin) has the same phase at order A2 since Vs is
complex and differs from V., at order A4



Probability to observe in the state fa BY produced at time t=0:
P(B(0) - f) = | f\H\BO(t)}\

-I't

e 2 gl? 2
P(B°(0) —>f):T{(1+cosAmt)‘<f\H‘B°>‘ +(1—cosAmt)H ‘(f\H

4

—25|nAmthm[ \H‘B> ‘H‘BO> }

Probability to observe in the state fa B® produced at time t=0:

P(B(0) - f] = (f|H E°(t)>‘2

P(EO(O) - f) - ?{(1 + cosAmt)‘<f\H‘§o>2

B>}
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2 2
+ (1 - cos Amt) ‘g‘ ‘<f |H]| B°>‘

-ZSinAmthm[gx<f\H\B°><f\H

(AT'is neglected )



If one starts for example by a pure sample of B? particles (produced by strong
interaction) the probability to measure a BY at time tiis :

2
B°(t)>=g+(t)\50>+%g_(t) B°) g-(t)|? ;—)
B(t) = 9.(0]B°)+9.(|B°)
e e )
_ i (e7THt 4 e~Tit & 26Tt cos Amnt)
_ e—;t (cosh %Al"t + cos Amt) I'=(,+Ty)/2and AT =Ty —T'y,

For the BY case where AT" ~ 0 and assuming no CPV in the mixing

—
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Goldhaber experiment

Helicity : projection of the spin on the
momentum direction (Phys. Rev. 109:1015-1017,1958)

152Eu

PEu(J=0) + e - Sm'(J=1) + v

Electro- =
K capture
aimant B (Kcap ) ‘1—5§Sm(J=O) ty
% e- atrest
b Bt
Sm,0; resonance
‘V\Ni scattering
PM I 12Eu J=0
(K capture)
1528m* A 4 J_l
: : " =
Select y emitted in the Sm* momentum Yy 960 KeV
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e reaction : '*Ey(J=0) + ¢ = Sm (J=1) + v
J.=% = J; =% = opposite spin projections for the Sm* and the v = same helicities

O----- > ou O----- >

e reaction: °2Sm*(J=1)— >2Sm(J=0) + y(frbidden J,(Sm*) =0)
The v is emitted forward in the ¥>2Sm” direction
The 3 final state particles (Sm, yetv) are colinear .

e Final state particles helicity : S(v)=%1/2, S(y)= %1, S(e)= £1/2
Two possible configurations :

Y v Y \%
Vo ————— R \VaVaVAVAVAVE L >

= the helicities of the yand v are the same.

eThe 7y polarisation is measured to measure the neutrinos helicity

Only left handed neutrinos are seen ( v polarisation is
measured using
Y \% e
spin flip in
QU6 - - - - - > \ magnetic field
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Goldhaber et al P*EuJ=0) + e - Sm (J=1) + v
Phys. Rev. 109, 1015-1017 (1958) (K capture)

—>1528m(J=0) + y
C et P are automatically violated in weak decays involving neutrinos :

<z <z <z

> > >

pi ic icp
T o

v right v left V right

v

One sees that the anti-particles helicity is the opposite of the particles helicity.

The v isleft handed.({theantiznautrino is right handed) 1




Parity symmetry breaking

Aparté: what is the helicity? What is the chirality?

Let’'s have a look first to the solutions (E>0) of Dirac equation
written in the Pauli-Dirac basis:

0 I
I 0 k_ O ok 5 —
70:(0—1) 7—(—% 0) : (I 0)

For the sake of the simplicity of the notation, | consider the
momentum along the z coordinate only.

(L) (

1
0
u = vVE+m D U2 E+m

\ E—(Sm ) \_E—i—m

Schune, Stocchi & Monteil TESHEP 2016

)

0

1

0
p
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Parity symmetry breaking

Aparté: what is the helicity? What is the chirality?

1
1 0 0 0 W(_)
p_p| 0 —-10 0 v
“210 0 1 0 ,
0 0 0 -1 M-m( ! )
. 1 o
h-u1=§u1,
by = _lu2 . us and u2 are helicity eigenstates
2

Schune, Stocchi & Monteil TESHEP 2016
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Parity symmetry breaking

Aparté: what is the helicity? What is the chirality? —m(
Let's project those states with the chirality projectors:
1 0 -1 0 1 0 1 0 U2\/E+m(
1 ss | 0 1 0 -1 1. 5 |01 01
Po=30=-7=1_ o 1 o PR_§(1+’5)_ 1 0 1 0
0O -1 0 1 0O 1 0 1
PLulzl\/E—i—m ¥ » Pruy = -vVE+m 1 p
0 0
1 1
wy = Pruy + Pruy = l(1— P WE+m 0 +1(1+ P WE+m .
2 E+m —1 2 E+m 1
0 0
Schune, Stocchi & Monteil TESHEP 2016
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Parity symmetry breaking

Aparté: what is the helicity? What is the chirality?

(1) [ 1)

wy, =vVE+m

xy L0

1 1

1 P 0 1 P 0

wy = Pruy + Pruy = 5(1 — WE +m + 5(1 — m WE+m ]
0

E+m

(1-

1
UIZPLU1+PRU1:§ E+tm 5

Schune, Stocchi & Monteil TESHEP 2016
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Parity symmetry breaking ) v

Aparté: what is the helicity? What is the chirality?

P 1 P
1 — ~(1
( )uL—I- (+E—I—

w1 = Pruy + Pruy = Erm 5

B
2
* For a massless particle, helicity IS chirality.

* For ultra-relativistic particles (E>>m), helicity IS chirality.

* The heavier is a particle, the larger is the mixing of chiral
states for a given helicity.

Schune, Stocchi & Monteil TESHEP 2016
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CP violation and time dependence

Starting once again from the time evolution of the B%and B® mesons
time-dependent rates of an initially pure flavor state :

2

JAL o_(t)+ A9, )

(#|H[EO)f =[Af lg.(+4g ) and [(7[H|BW)] = ‘5

_g<f|H|B >_qA

" p<f|H|B > pA

after some trigonometry and assuming no CPV in mixing (Ig/pl = 1) (exp. checked)

2 T 21+/12— : 7 _1_%‘2
(f|H B°(t)> e |A %_HQ cos(Am,t)—S; sin(Am,t) | ;= 1+ IAf
_ 1+|A[ - 2lm[4,

(f|H Bo(t)>2 =e % .|A 2%_1—@ cos(Am,t)+S;sin(Am,t)| S = 1+‘£ ‘fz]
f

|A|2 : direct CPV

Im[A¢] : CPV in the interference between mixing and decay o
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Phys. Rev. D 87, 112010 (2013)

— 02 . | I
B s — 68 % CL :
£ oeE P
[—‘m 0 14 ; ¢ S;ancdard ModelE
<o12f :
0.1F E
0.08F E
0.06F E
0.04F E
0.02F 3
0 s ' 1 l 1 -

0.4 0.2 0 0.2 04
¢ [rad

Combined LHCb result with B> J/y @, BY>J/yn n”
¢, = 0.01 £ 0.07(stat) = 0.01(syst) rad,
I, = 0.661 = 0.004(stat) = 0.006(syst) ps~',
AT, = 0.106 = 0.011(stat) = 0.007(syst) ps .
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Until recently there was a two-fold ambiguity in the measurement of the CP-
violating phase

— — —_—

-a OQ—LHCb ..;._.\,..‘ ] S best fit —

— 7\ — 68% CL I

- ] e \: —-90% CL

q 0 I _— . :‘¥ : }:: Eaae— D 95% CL —

- Rt B Standard Model |

ol ; e

: ; ‘.\\‘/'.' ; .

-0.2 -
‘Prewous LHCb [esurt |

¢ [rad]

How did the other (hon-SM) optfion go away?
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K*K~P-wave -~ T
Phase of Breit-Wigner amplitude e °
increases rapidly across ¢ (1020)
Mass region

A__ig--—

£ 1

KK~ S-wave:— s
Phase of Flatté amplitude for fO(980)

relatively flat (similar for non-resonance) 4

.2 1 I Il 1 1 1 I | | Il I Il Il 1 | 1 1 1 I 1 1 1
1 1040 060 1080 1100 120
Phase difference between S- and P-wave amp 000 o0 wa 060 -

6s | = 656 decreases rapidly across ¢(1020) mass region M (KK)

T T T T T T T T T

4F LHCb g I E

]

3f 1. Wrong A

!

Get the sign of phase
shift wrong if picking

wrong (s, Al) solution 2F j}: “ ‘ E
+J, —;

ok Correct 3
T ;

|

2 1 " 2 2 2 " M 1 N
1000 1020 1040
m(K*K') [MeV/c’]

Oy - 0 [rad]

Phys. Rev. D 87, 112010 (2013) GANILO4 juillet 2



The unique solution can now be identified

AT, [ps']

=
I

0.2

0.1

LHCb

l T T T T

% best fit —
68% CL .

— = 90%
------ 95% CL T
B Standard Model |

0

PR
A RGKN:. 5 0.25
VN 1
A Bo20
esult -
. Y
2 4 o015
0.10
0.05
0

GANILO4 juillet 2014
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