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Indirect searches includes a very
broad range of measurements:

- Charged Lepton Flavour Violation
- Kaon, B-meson, D-meson physics
- Non SM CP Violation searches

- EIM, 92, ...

- Neutrino physies

In these two lectures | will concentrate
on b-physics... and on the present




- Introduction

- OP Violation searches:
- CPV in B-decays and the UT triangle
- Facilities and measurements

- Rare B-decays:
- Flavour Changing Neutral Currents
- LFU test with rare decays

Some of the material is taken from the Elavour Physics course of 2015
(Steinkamp/Serra) and Elavour Physics course of 2016 (Isidori/Serra), also have a
look at the Habilitationsschrift by Steinkamp



http://www.physik.uzh.ch/lectures/flavour/14/lectures/
http://www.physik.uzh.ch/lectures/flavour/
http://www.physik.uzh.ch/~olafs/zaza/Experiments_in_Beauty.pdf

Infroduction

Indirect searches of BSM is basically the measurement of
decays of existing particles

Precision measurement of particle’s decay allow to infer
about the virtual particles interacting with SM particles:
are there other gavge interaction? Are they family blind? ...

Flavour Puzzle: why do we have three families which are
identical wrt to the gauge interactions? <- In the SM!

Particularly interesting is therefore the study of the third
family (B-hadrons, tau-leptons) which is much less
constrained than the first two families




Introduction

- Since new particles might enter as virtual particles, energies
much larger than those reachable at colliders can be probed

- Let’s take the simple example of a leptonic decay of a B-
meson, Which in the SM is mediated by the W

- @ = Fermi Constant
- fp decay constant determined by the
B-wave function at the origin

- CKM element Vi
- Helicity suppression




Introduction

- In extensions of the SM can be mediated by other new
particles

- For instance in the 2HPM this decay can happen mediated by
a charged Higgs

- Measurement of the BR gives you insight on the mediating
particle, but you need to know fs ... unless you use ratios or
correlations with other decays




CP violation



CP symwmetry

- Negative (positive) muons fro
POSSIBLE IMPOSSIBLE leptonic pion decays are left-
handed (right-handed)

Parity and Charged
conjugation symmetries are
maximally violated in these
IMPOSSIBLE 1/ POSSIBLE decavs but the combination of
thew (CP) is conserved

- Parity violation was first observed by Wu et al. in 1956,
measuring the anqular distribvtion of electrons from B-decays
of 60Go —> 60Nj*




Discovery of CPV

Christenson, Cronin, Fitch, Turlay (1964) observed Kz (Ki foday)
decaying into two pions

- Shoot proton into a target to produce neutral kaons

- Let thewm propagate in a vacuum pipe to eliminate the short
living component

- Search for K2 decays into two pions using the invariant
mass and pointing




Piscovery of CP Violation

In neutral kaons we have two mass eigenstates which are not
flavour eigenstates, due to CKM wixing

K| = cP K, = +|K,) ? g 4 g ?
_ w i
K°)] = CP|K,) = —|K,)

Mass eigenstates are known as K, and Ks and the
different lifetime e Aaasascse :

|
|

If CP was conserved in weak ;
interactions K. and Ks would L :
also be CP eigenstates o 1o

Intensity

AAAAAAAAAAAAAAAAAAA
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Pion P CP

Looking af the wave function of neutral pions we obtain that
they have neutral parity

Plr®)=lglqT)—laTql)+lelaT)—lgTql)=-1|x"

In the same way we can show that they are CP-odd
CPlz%) = —1|z% | | CP|r°°) = (~1)? [n°7°) = +1 |r°7°)

The C operation changes positive pion to negative and the
same the P therefore the state with two charged pion has
posifive pat'ii'v CPlrtn™) =1l|lr"n") =+1|n7n")

In addition




Discovery of CPV

The background consists mainly of

KY — mtr~x° Low mass (peak around 290MeV)
- AEEE——_—
K} — mpv and K} — mev ngh mass

- No evident discrepancy in the invariant mass
- Excess of 49+/- 9 events when plotting the pointing angle in
the kaon mass region
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CP violation in

neutral mesons




Neutral Meson Mixing

- State atf time t is a linear combination of B? and anti-B?
- Time evolution given by the Schradinger equation
wit) = ale)]8) + bl [8%| | i 2 (20] = w2

- Since meson can decay H as an imaginary component
- Can be decomposed into two hermetian parts

’;@ "If’ - Assuming CPT

* . . -
M12 J r21 — r12

Wy, = M—él" +




Neutral Meson Mixing

- The eigenstates are

By.) = p|B°) + q|B’ % = | Hn - —\/

* i
M12_§r12

M12 > r12

- Time evolution of By and By (they are not parTl'cle7avﬂ’ particle)
but they have well-defined masses and lifetimes

H12

[By(t)) = (p-|B°) — q-|B°)] - '™ ™"
B,(t)) = (P"Bo} + q-‘EO}) . e imt, g Tuti2
- Time evolution of BY and anti-B°

Bio(t) = g.(t):|B°) + 1-g.(t):|B°

Bi.,(t)) = g.(t):|B°) + B.g (t)-|B°




Neutral Meson Mixing

- Mixing probabilities

P(B°»B°t) = %~e‘“ : {cosh(-A—zr- t)+[cos{Am t)J]
' P ol
'P(Bo_)Bo:t) = P(Bo—)Bo,t) |
l _ 2 _ ( 4 ' ‘\ \I
]P(Bo-)Bo,t) — 1 ﬂ . e_rt e | cosh A_t _ COS{_Am t:l |
2 |p | 2 § J |

l
- 2 _ ( 4 . ‘\ y |
:P(Bo"Bo,t) = % 5 - S «cosh(A—zrt —| cos{Am t|||

- Time dependent asymwmetries

N(B°»>B°) — N(B°>B°) cos/Amt| + & -cosh|AT t/2

Tl t) = N(B°»B°) + N(B°>B°) cosh(AT t/2) + 5-cos Amt|, (x = Am/T
()= N(B°>B°) — N(B°»B’) cos/Amt) — & -cosh (AT t/2]: y = AT/2T
mx3 T N(B°»B°) + N(B°»B° cosh (AT t/2] — 8-cos (Am t ———
- 1t § =0 then no CPV in the mixing
_ 1-|q/pf | _ = _ _cosAmt] _ cos(x-Tt
" 1+|q/p| : Bix() = () cosh (AT t/2)  cosh|y Tt



Neutral Meson Mlxmg

- Nevtral Kaons

Xk = 0.95
e
- Strong damping,

only K, are left
after 1 oscillation

- P%anti-P0 systewm
Xp=5x%x10°3
yp = (7.15 £ 0.09) x 107

- Very swmall mixing




Neutral Meson Mlxmg

- B9/anti-BO system

[ x4=0.775 £ 0.006
ya = 0.007  0.009

Swall damping and
significant mixing

- Bs0/anti-Bs0 system

X, = 26.82 + 0.23
ys = 0.058  0.010 |
- Fast oscillations and
complete mixing




/ CPV in mixing \

(“indirect CP violation”)
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 interference of absorp-
tive and dispersive part
of mixing amplitude

» different mixing rate

0 o o 0
By— B’ vs B’ — B,

CP Violation
/ CPVin decay \

(“direct CP violation”)

wt s
/

 interference of decay
diagrams with different
weak and strong phases

» different decay rates
B—fvs B>f

/CPVin interferenc)

of mixing and decay

B’ JIp K
m& EO/_q)D

 interference between
direct decay and decay
after mixing

« different decay rates

e small in Standard Model

\beware of strong phasej

B()—>f VS B° —>fCP

» “golden modes” /




The Unitarity Triangle(s)

The CK_M matrix describes the relation between flavour and
mass eigenstates Weak Universality Relations

( vud Vus Vub ) VUdvu*d T VUSVJS T VUb ’l;,kb —

Vcd %s ‘/cb ‘/Cd‘/ctl + ‘/cs‘/:s + Vcb c;'l() —
e e ViaVii + VisVis + VaViy =

These relations represents triangles in the complex plane

Vudvzc} + Vusvz; + Vub c)'l; = 0 VJdVUS T ch’:ivvcs T Vvt)ckl‘/té‘ = 0
VudVey + ViV + Vi Ve = 0| VgV + VgV + VigVs = 0
VedVig +VesVis + VoV, = 0 ViV + ViV + VgV = 0

J = 2lm(VysVeV iV es) = 2Area of triangles (prop to CPV)



Euler Angles

¢ij = ¢os of the angle hetween the i and j family
sii = sin of the angle between the i and j fawily

ciz2 Si2 0 C13 0 sy3e7%13 1
Vekm = —S12 c12 0 0 1 0
0 0 1 —81362513 0 C13 0 —S93 (93

C12C13 S12C13 s13e %013
—3g _ 1013 . 1013
12C23 — C12593513€ C12C23 §12823513€ $923C13
is i8
S12893 — C12C23513€ " —C19823 — S12C23S813€ 2 (C23C13

We chose the phase to appear hetween the 1st and 3rd fawmily




CKM parametrisations

Wolfenstein parametrisation

— 3N’ AN (p — in)
Voru = —A AN? + oV
AN

1 —p—1in) 1
Where

Sin 912

Sin 023

sin @3¢ %013




VC K M ,Wolfenstein —

|Vud‘ ‘Vu8|
~|Vedl  [Vesl
Viale™  —|Vislets

CKM parametrisations

_|_
S
C

(p.n) * \V4 V* 0 H
vV Vt thb us " ub \f_—_Y__ . 1 Re
ud’ ub oL % V V* V.V
V.V \éd \éb cs ¢b ts—’ib
cd ¢cb \ Y:s Y:b
Y
0 1 Re




I Unitarity Triangle I

Belle notation:
¢, =P
b, = a
G; =Y

Vudv:;b + V4 V:b T vtdv:b': 0



ViV

cd vcb (BO_EO Bo_

N
50
BS

_oscillations _







B-factories

Electron/position collider at the
Y(4S) resonance

Y(4s) decays in B%/anti-B°(50%)
and in B*B- (507)

1fb! corresponds to about 106bbar
pairs

BB threshold |

a

o (e'e” = Hadrons)(nb)
— — ]

Clean events (only track from B)

s b signal - i i b
s0 = region |
7 NG

beam

o R
= known beam energy &
= measured energy of B candidate e
= measured momentum of B candidate

5 sndebands 1
100 = 4

(A FRA Lol [PTRTEETTTE PRRRY PRYTRITNTY I
5.2 10 20 30 40 50 60 70 80 90
mEs [GeV]




B-factories

e PEP-Il: 9 GeV e + 3.1 GeV e*
Flavor Tag
and
By =0.56 Btag - vertex
{<Az> ~ 260 um —" |

J/1p

Y(4S) Brec |
« KEKB: 8 GeV e~ + 3.5 GeV e* L Az K\° ~2 T
By = 0.425 w:
(A2)=200um sy
reconstruction

- Asymwmetric beam fo use boost to improve proper time

resolution
- Possibility to use the other B for flavour tagqing and
background rejections for decays with neutrinos in the final

state



LHCD

Proton-proton collider at LHC (max
14TeV)

Produce all b-hadron species e
including B, B and b-baryons

1fb corresponds to about
10!2bbar pairs

“Dirty” events so the typical
efficiency is per-will (those selected
events are very clean)

Main selection variables are
displacement from the PV and PT



LHCD

CF?IC:'zt scintillating fibres
ra:1 lator trigger, ely/m°- ID Muon detectors
K/ - ID at high momenta drift tubes

trigger, u-ID

RICH1
Aerogel and C4F10 radiators |/ / A
Kir - 1D at low momenta Sm%(pé

HCAL 15
" M3
Magnet RICH2 11 I\i.
T3
o

"’ l",

IRICH1
TT

[2010/11: (3.5+3.5) TeVJ
2012: (4+4) TeV

“Vertex Locator” | |
Silicon micro-strips NG

inside LHC vacuum chamber
trigger, vertexing, tracking l

Four tracking stations .
Silicon strips, straw drift tubes ey B LI

tracking, momentum reconstruction

fixed-target experiment




Semileptonic decays

b—c, b—u
BF /g




Semileptionic decays

- Measure V3| from B(b — ul~vy) and |Vy| from B(b — ¢~ vp)

e [ixclusive decays:

(P, )
— Use decays such as B — 7wy, and B — D) ¢y,

— Theory uncertainty from QCD form factors

— Relatively clean experimentally decays




Semileptionic decays

Inclusive decays, i.e. measuring the rates of B — X fvy and B — X Avy:

— Small theory uncertainty

— Challenging from experimental point of view

vub '.' :

e+
Ve

\

Difficult to disentangle X, fv, final state and X .fvy:

e Suppress background using tight kinematic cuts, but introduce form-factors
dependent phase space corrections

e Possible at B-factories fully reconstructing the other B-meson




Exclusive semlleptomc decays

- tagged analysis (better resolution, 20n @ o

lower statisties): e ]

- fully reconstruet the other B 1 e J‘

- Neutrino momentum from S
momentum imbalance e —

nts/0.05

,,,,,

- untagged analysis: N AHHINE
- higher statistics, but higher ;P 7 | _
background and worse Shiny f el ,_
resolution B0 (Dr)e'y, [l - — %

— 45
= . =
= 35k s %
X ~ 4 DELPHI QEAL
= }()T ; . E excl. 9, A
Z [ ] — v (pari. reco.)
> 25 [ * ] (part. reco.)
2 250 ] ERAGH
5@ 35| BAR (Global Fit
20 J ALEPH BABAR (D*0)
- i - . — i ' BABAR (excl.)
1 1.1 1.2 1.3 1.4 1.5 / BELLE
v /
0 s— (0 _—\ p* 30+ 013
BaBar, B'»D" (D'x )€'v, , untagged 013
[PRD 77 (2008) 032002] — 0 2
p>



Vcb from inclusive decays

faqged analysis:
- fully reconstruet the other 8- | i ™ | .
meson Y B (S

- ASSig" all remaining tracksand ' b
energy deposits to X, [PRD 75 (2007) 032005]

s — 9~ 1e B

- Z2m00F L T ' E N ] o T 1%
%] Belle 1 & wop Belle 4 &

@ 2000 S F s E
g . 1 P 140 1 S 7

5 7

above a certain puinthreshold - =~
- Peterwmine mowments of the = I AT I AR
m(Xe) distribution e T
- Do the sawme for a different * I L R
value of pwin .

12141618 2 2224 002040608 1 1214161.8 2 2224
. ‘B
E2 cut (GeV) E, cut (GeV)

[PRD 75 (2007) 032001]

Moments of E(¢) and m(X.) distributions in B — X_.lv, related to |[Vi|, my
and m. by HQET



Vub exclusive measurements

G%
- E Vs Pl £41(62)

e Measurement done using untagged, hadronic tagged and semi-leptonic
tagged analyses:

(B — 7T€Vg)

— Untagged: larger statistics and worse resolution and more back-
ground

— Semileptonic tagged: reconstruct the 2nd meson as B — D) ¢y, and
use kinematic constraint in the center of mass

— Hadronic tagged: fully reconstruct the other B-meson obtaining the
neutrino momentum from momentum imbalance

Xl1]0-|6| T T [ T I L B B ‘ LI} T I
12 - Ao Belle untagged (13 bins)
. . i v BaBar untagged (12 bins) 1 | Knhodjamirian etal. g> < 12 GeV
e Form factors at high ¢? from Lattice QCD of e BaBaruntagged (6bin) 1 |vuonveson o
N BCL fit (3+1 par.) ]

FNAL/MILC < Ball-Zwicky ¢ < 16 GeV?

3.58 +0.06 + 0.59 - 0.40

e Form factors at low ¢? from light-cone sum rules

7 HPQCD q° > 16 GeV~

AB/A 7 (GeV™?)

7| | FNAL/MILC ¢* > 16 GeV?

e Various models to interpolate ¢? dependence
in the two regions

3.36+£0.08 +0.37-0.31

HFAG
:

2 1 1 1 4
V1 [107]




Vub exclusive measurements

Determination of ||V |2 using the decays Ay — puv and Ay — A v

d
> l Apy—=pp v, Ay = Acp
| 20
0
A , P =
3
1
b Vi S
> > | | 3
_ - 1.0
Koo | 3 %=
~ .=
_ =
W © 0.5
| |
| | 0.0 - - L 0.0 - - - L .
0 5 10 15 20 0 2 4 5 y
2 N 172 . 74
, 7° (GeV?) g* (GeV

e The decay Ay, — puv, is the baryonic version of the B — wluy
e (Cleaner at LHCb due to protons are rarer than kaon and pions

e Normalisation mode cancels the several systematic uncertainties

~18000 —~————F————————— ) y

Q - I Combinatorial .

9 r WM D'puv 5 _ > >

E [ A v oo . " va " va

< 12000 mmA v painge - - ¥ e v v - ‘

v " R o* ne h i > A =

N—’ 5 Nuv e -t ] el ..

= 9000 v »PV / ¥ PV

(0] 0 ee . 0

3 6000 4 e — Ay

<

@) 3000 Vy “a “.‘
$000 74000 5000 E—————— \ature Physics 11, 743—-747 (2015)

Corrected pu mass [MeV/c?]




decay rate

Vub inclusive measurements

Fully reconstruct the 2nd B-meson, assign remaining tracks to B,..., re-
quire a charge lepton from B,...

Challenging background from B — X v, (about 50 times the signal)

Suppress b — ¢ background using:

2 2
— Lepton energy: E(£) > (mp _mD); Momentum transfer: ¢° > (mp —
2?7’2,3

mD)Z; Invariant mass of X: mx < mp

Other criteria: vetos for m from D* — Dmg, kaons from b — ¢ — s,
second lepton from ¢ — sfv, higher multiplicity in b — ¢, ...

Cut based selections or multivariate analysis

b—c b—c # ﬁ

- / \ .
N\ T / b —

ﬂ) —> U\ ) b—u \~—_ /b -1

-

L, = lepton ener q? = v mass squared my = hadron system mass
( { ] X




IIIIIIIIIIIllIIIlllIllIlIllllIlllllllll

v
|
| ]
| lllllllllllllllllllllllllllllllllllllll
36 37 38 39 40 41 42 43 44
| V. |x10°

ch

Exclusive Inclusive
PDG B —mty B— X,/v
2014 (—— o—

Inclusive

Inclusive VS Exclusive

Gambino & Schwanda 13, B — X inclusive

Exclusive

Fermilab/MILC ’15 + BaBar’09,B—>D, w21

Fermilab/MILC ’15 + HFAG’14,B—>D,w=1

Fermilab/MILC *14 + HFAG *14,B —>D ,w=1 |

0.0025 0.003 0.0035 0.004 0.0045 0.005




Semitaunic decays




Semitauonic decays

- B(B — D™ 1v) signal

o R = B(B — D®&y)  norma lization © = @M
B{. 3 5 g -ip" - B-factories measure tau->emu 2v
- - LHCb measures tav->mu 2v

* 2
dPT _G%w ‘Vcb’2 ‘pD(*)’ q2 1 — m_?— (’H ’2 1 ‘H ‘2
dg?2 96m3m7 q° i -

2 3m2
H2 1 m., THSQjI
+Ho?) (1+ 525 ) + S

- Since the D-meson is a scalar H-- vanish

- Awmplitudes depend on 4 universal FFs extracted from data

- Four free parameters in the fit

- In the case of the e/mu Hs is suppressed by the mass, so this
is only present in the channel with the tau (from HQET)

41



B-factory strategy

Tag- and signal-side of the full reconstruction

tag side signal side

Q2 ax dI 2

B(B — DWry) [ TF da
t2 (*) — — T q
Btag B 1g _ e !
t “Ur
Hadronic tag analyses:

- Reconstruct tag B meson in all hadronic mode

- Precise knowledge of kinematic of missing system
- Kill background, but efficiency about 10-

Sewileptonic analyses:
- Tag B-meson in semileptonic channel
- Selection: Er, missing mass and angle between "l and B

42



LHCDh Strategy

VBIE = UBIou = (Ps = s 0w

- E——— o > L 2 T

- B-direction given by PV-SV

- Full it of the MM, E°, ¢2

- Muon, tau modes and bkg fit
simultaneously

-

70000 "

|

~ LHCb

S
30000 15000

S
- —+_ Data 2 30000
2 60000 B B - D*wv -
2 50000 B B — D™lv -
S I B - Duv %
g Combinatoric = 20000
s 40000 Misidentified u =
= O
5

Candidates / ( 3.25 GeV?3/c*)

20000 10000

10000 5000

' , 500 1000 1500 2000 250
Miniss (GeV/c?)? E; (MeV/c)

(S
o
(S
4
()
co
.b—‘
o




Results

From HFAG webpage

Experiment R(D*) R(D) Rescaled Correlation Parameters Remarks
(stat/syst/total)

BaBar 0.332 +/- 0.024+/- |0.440 +/- 0.058 +/-||-0.45/-0.07/-0.27 i Phys.Rev.Lett. 109,101802 (2012) [arXiv:1205.5442 [hep-ex]] Phys.Rev.D 88, 072012
0.018 0.042 (2013) [arXiv:1303.0571]

BELLE ‘0.293 +/- 0.038 +/-(0.375 +/- 0.064 +/-|-0.56/-0.11/-0.49 i Phys.Rev.D 92,072014 (2015) [arXiv:1507.03233 [hep-ex]]

0.015 0.026
BELLE ‘0.302 +/- 0.030 +/- i Preliminary at Moriond EW 2016 [arXiv:1603.06711 [hep-ex]]

0.011

LHCb 0.336 +/- 0.027 +/- i Phys.Rev.Lett.115,111803 (2015) [arXiv:1506.08614 [hep-ex]]
0.030

0.316+/- 0.016 +/- |0.397+/- 0.040 +/- chi2/dof =238/4 (CL | ..
0.010 0.028 =0.67) pcl png

Average

= BaBar, PRL109,101802(2012)

= Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, arXiv:1603.06711

= HFAG Average, P(y?) = 67%

= SM prediction

Peviation of about 4sigmas
wrt SM predictions!

=
R(D), PRD92,054510(2015) HFAG
R(D*), PRD85,094025(2012)

0.3 . 0.5 0.6
R(D)



http://www.slac.stanford.edu/xorg/hfag/semi/winter16/winter16_dtaunu.html

Experimental challenges

example B->0*pipi lv

> ]
é’ 2.8 r L=0 L=1
h] q 1/2 1/2 3/2 {:
i & 700
! >
2630 1 0 1" 1" 2 S 600
’ o
L D 2 -
h < S ) S 500
24 1 .Izn_ BN & 400
- </ =
L Ny / @ <
e I /\:f;// /// ’ \\ o Q 200
2 ; D 100
-/ 0 6 8 10
pD— m?.  (GeV'/c")

18 111111111111111111111111111
a -

- Large contribution from excited P** states

- Narrow states (01" and 02°) fit directly from data B->P*pi lv
used as a control sample

- Higher D** excited states also fit from data and B->D pipi lv

used as a control channel

45



Double Charm Bkg

o 2500

E 2000 - Data

2 B B — D'wv

< 1500 B B — D*H,(— MX)X
£ BN B — D"'lv

-.-g 1000} Bl B — D™uv

© Combinatorial

500 Misidentified u

R R e PR e e o X
500 1000 1500 2000 = 250 0 2 4 6 8 10 ) 142
E * (MeV) g% (GeV7ic)

-_ —_— e T—— - — — — I — -_ -

- As usval charwm is a background for tau
- Bkg from Ds->tau nu, 0 ->K lv fit directly from data
- Control sample obtained reconstructing B->0* K lv




ViV

Vea Vo - D
ﬁ°—3°,3‘;—32

_oscillations _




Neutral B-meson mixing

Ly o .
o BY &3+ B transitions due to off diagonal H;»

o Mo ox mi(ViqVyi)? dominated by off-shell intermediate state
"o < M5 therefore the oscillation frequency is AMy = 2| Ms| o< |Vial?|Vio|?

Best way to measure AM, is via the time-dependent mixing asymmetry:

Uanoe @ 10— Uapa: @ |0 ‘;%sz%flf ~ cosAM, -t




B-factories

Fully reconstruct B,... in a flavour specific decay

Measure momentum, decay vertex and flavour

Flavor Tag
and
vertex

Assign all remaining tracks to Bigg

Infer the flavour of B,.. at production |
from the flavour of By, |

Decay time difference given by AZ and
the B,.. momentum

w=22% oAz=170 pm

12 c 5
; a SF 12
100 unmixed 3 ‘o
o » 6 8
6 3 6E-
r = 4= C
4 mixed 3t st
2f 2E of
IS AP, - L 1 n

0 ot NS il bk o T 0: olmez=s -

-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Decay Time Difference (reco-tag) (ps) Decay Time Difference (reco-tag) (ps) Decay Time Difference (reco-tag) (ps)

perfect reconstruction non-zero wrong-tag fraction finite decay-length resolution



Flavour Taggmg

o Effect of tagging given by the tagging power: Q = eD? = ¢(1 —w)?, where
e, D and w are the tagging efliciency, dllutlon and wrong fraction

— Lepton: tagging has low mis-tag fraction, small efficiency, small con-
tamination from

— Kaons:higher efficiency, higher mis-tag fraction

— Inclusive methods (e.g. vertex charge): high efficiency, high mis-tag

fraction

e Typically several techniques are combined in a neural network
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B-factory measurement

~ 0.5

]

e Hadronic decays (e.g. BY — D(*)_ﬂ'+)2 i °-4f

T 02f

— clean event (B,.. fully reconstructed) 2

=0

— flavour at decay from pion charge of

-0.1F

— small branching ratio 02|

-0.3

[PLB 542 (2002) 207]

e Semi-leptonic decays (e.g. BY — D(*)_€+Vg)l

— higher branching ratio

Asymmetry

— reasonably clean events 0.5

— flavour from ¢ charge 0"/‘% 1 M L K N\
7N

— neutrino missing, worse 0.5 it B
B-momentum resolution

-1 l | | ]

At (ps)

[PRD 67 (2003) 072002]
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Tagging at hadron colliders

AZ measured as the distance between PV and SV
Flavour specific B,... decay (e.g. BY — D, 7™)
Flavour at production:

— Opposite side tagging (lepton, kaon, jet/vertex charge):
— Intrinsic dilution from mixing is about 40% for B® and 10% from B,

— Many more tracks imply larger wrong tag fraction wrt B-factories
Same side tagging using pion or kaon close to B,.. in phase space
In general tagging performances worse than B-factories

same side: B __

fragmentation
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candidates / (0.1 ps)

Mixing in B;-system

First measurement of AM, done at CDF

Measurement at LHCb important test of detector performances (CDFE

measurement already better than theory uncertainty)

400

(|
S
-

' e Tagged mixed

SN o Tagged unmixed

@ — Fit mixed

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

decay time [ps]

[NJP 15 (2013) 053021]

: ; -0 : s
LHCb vertex resolution important to resolve BY — B oscillations

Analysis with 1fb~! (2011 dataset) using BY — D_ 7" about 34K signal
events

» data
— fit
BB - D
B,— D.K"
misid bkg.

B comb bkg.

4000} ¢ D. —om

LHCb

2000

candidates / (15 MeV/c?)

5350 5400 5450 5500 5550
(D, ") invariant mass [MeV/c“]

Amg=17.757 £ 0.021 ps~! || CDF, LHCb







CPV in the interference

Af
Now we are also considering the decay N\
: f

N(BYLy) — N(By_y) _ —Cycos(AM -t) + Spsin (AM-t) | B

N(BY_,) + N(ES:O) ~ cosh (AL - t/2) + Qg sinh (AL - £/2)

af(t) =
qg/p ™B"— A

f
1= o 2-Im(A)
- 1+|)»,|2 o 1+|)\.,,|2

Q. =1-8-¢C?

f

e The CPV in the interference between mixing and decay can also happen
if there is no CPV in the mixing and in the decay

e If one single decay amplitude dominates: |A;/A¢| = |\

542522 %()\f) -sin(AM - t)
4 cosh(AI' - t/2) + R(Ay) sinh(AL' - t/2)

In the BY-system this simplifies to a(t)s >~ S(Ay) - sin(AM, - t)
CP is violated if J(Af) # 0




Measurement of Beta

The decay B’ — J/¢YKJ is a CP eigenstate (ncp = —1) and it is accessible
from B and B

| b—<——=—¢C N c
.. Cc o \ E
o v 0 {
B ~Cs o B s
| d d

d >

The decay is dominated by the tree amplitude =
ay/pr0 () =S(Ag o) - SIN(AMg - t)
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vtb v:d vcs v:b vcd v:s | 1 0 th th
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VooVl \VeoVig | e —————
I ] -
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Measurement of Beta

For the unitarity of the CKM V3 Vi = — V" Vs theretore

AJ/WK°:Pt°(V:bvts>+(T+Pc)°(v:bvcs)+Pu'(v:bvus)
— (T+Pc_Pt).(v:bvcs)+(Pu_Pt)'(vavus)

. ~ | - ~— - A ~

~01-T oo A2 ~0.1-T oo A4

Contamination from V* Vs smaller than 1% = clean from theory point of view

Attractive from experimental point of view as well:

e Clear event signature with J/v¢ — £T/~, second displaced vertex from
K g, invariant masses

e Similar strategy as for the measurement of AM,

e Taking into account the dilution (D) and resolution (R(At)) we have:
Umeas(At) = (D -sin(203) - sin(AMy - At)) @ R(At)

e Quantities are determined from data (B° — D) *7~ and B® — J/yK*)
and MC



Measurement of Beta

Babar (465M BB pairs): Belle (772M BB pairs):

w ¢ 2 F B @ 3 CP-even channels CP-odd channels
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[ sin2f = 0.687 = 0.028 + 0.012 ] [ sin2¢, = 0.667 +0.023 + 0.012 |

[PRL 108 (2012) 171802]



Measurement of Beta

sin(2p) = sin(2¢,) EEXS

PRELIMINARY
BaBar ; ﬂ : 0.69 +0.03 + 0.01
PRD 79 (2009):072009 : ,
BaBar x_, Kq: - § : , 069+0.52+0.04+0.07
PRD 80 (2009)!112001 - -
BaBar J/y (hadronic) K, : 4+ 1.56+0.42+0.21
PRD 69 (2004):052001 =~ )
Belle : ; : 0.67 £0.02 + 0.01
PRL 108 (2012) 171802 T
ALEPH | o i, . 0.84"75:10.16
PLB 492, 259 (2000) " : '
OPAL § : - 3.20 ‘300 + 0.50, |
EPJ C5, 379 (1998) : -
CDF j AR N 0.79 04
PRD 61, 072005 (2000) | ' T
LHCb E : L 0.73 £ 0.04 + 0.02
PRL 115 (2015) 031601 ! ;
Belle5S : : . ¥ 0.57 +0.58 + 0.06
PRL 108 (2012) 171801 :
Average I : I 0.69 +0.02
HFAG : : '
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Status of the UT
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