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Outline

Part 1: Introduction to Flavour Physics
*  What is flavour physics & why is it interesting?
*  Brief history of discovery in flavour physics
*  CKM mechanism and Unitarity Triangle (UT)
*  B-physics Experiments

Part 2: CP violation & CKM measurements (Triumphs of the SM)
* Meson-antimeson oscillations
* Introduction to CP violation
* Measurement of UT angles
* Measurement of UT sides

Part 3: Search for New Physics
* Radiative Decays
* Tauonic Decays
*  Purely Leptonic Decays

Part 4: The future
*  Future B experiments
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Neutral Meson Mixing

The eigenstates of flavour M2 anti-M9, degenerate in pure QCD, mix under
weak interactions.
MO : KO (anti-s d), D9(c anti-u), BO(anti-b d), Bs°(anti-b s)

Mixing can occur via short distance or long distance processes

e 3 d
b g et ‘
B wi  iw & K’ S K’

Time dependent Schrédinger equation:

0 [ M\ _ | M\ _| gy || M

1]

I—|_ " |=H]__ .
ot\ M M 2 I\ M
H is Hamiltonian, M & I" are 2x2 Hermitian matrices

CPT Theorem: particle and antiparticle have equal masses & lifetimes
Mi1=Ma2, IM1=l"22 - .
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Schrodinger equation

Physical states: eigenstates of the effective Hamiltonian
— 0 \ /10
= +
Mg =PM£aM
CP conserved if physical states = CP eigenstates (lg/pl=1)

Eigenvalues:
)\S,L =mg - -“L/zirs,L = (M11 — 1/2iF11) + (q/p)(M12 — 1/2i|'12)
Am=m —m, Al =T_-T,
(Am)? — L4(AlN)? |M |2 1AL|F12|2)
AMAT = 4Re(M12F12*)

(@/p)? = (M, =il ")/(M, — %l )
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Neutral Meson Mixing: 2 Mechanisms

Am: value depends on rate of mixing diagram

Gi 2 2 A . 2
Amy=—F mwan(xI)”IBd‘fﬁ'aBﬁﬁ|VIE;[ V.l 2 3

ATl : value depends on widths of decays into common final states (CP -
eigenstates)
large for K, small for D and B

s d
-
y=4~00) | >::::::::'::::::.-.:<
d ™ s

Note: CP violation in mixing when lg/pl # 1
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The Neutral Meson-Antimeson Systems

. rN:

- -0
K K

S

TS =~ 90 l).\

| A, z
Amyg =5 x 10 "'[)S | Amy = 0.5ps l Am, = 18 ps
X Amyp /T =~ 0.945 X  Amy/l';=0.75 X Amg/l'y =20
y Al /2I'g = —1 y |AL/2l,; <1 y AL |/2I, = 0.]
~ 1=0.4 psT

D"/D" mixes slowly Am=2m xfrequency of flavour
Amp~0.01 oscillation (1 ps' #160 GHz)
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Mixing in the K, D, B, B, Systems

L

— P(D"(1)— D"(1))
~= P(D"()~D (1))

25 3 35 4 45 5
1(ps)

(2]
g f 2
£ It ) . E
5 — P(K (1) K1) 3
S osf- - PK ()R (1) =08
- 06
- 04
L T ‘ 02
o‘:q | . | e PETTE FETTE FETTY FRTTE FTTT. FYees | P
0 0@ 02 03 04 05 06 0. 08 09 ! 0 05
1ins)
= N &
s L | =
:f — P(B"(1)= B'(1)) 3
< oaf- “== P(B’)~B (1) <
0.6 :—'
04|
02}
O'HMA“-‘-.I.'u:f‘;;‘x.uL1“;;1l“Afl:;" el
0 05 1 15 2 25 3 35 4 45 S5
t(ps)
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Discovery of Mixing in B-System

First ete- B-factory at DESY: Argus 1987
at Vs=10.58 GeV:

ete'—Y(4S)—b anti-b

unMixed B°B° — ¢ ¢

B°B° —» ¢¢
Mixed 5.5 ' Same charge ‘ Le 3
B°B® (4 | 2 ks <0
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Measurement of mixing

BY or B “signal B”
______________________ ©))
e Sy £ BY| mixed | unmixed
B0 ... S =0 : :
~~~~~~ & B | unmixed | mixed
~~~~~~ —— “tagging B”
can be charged or neutral
N(B)un—mixed (t) — N(B)mixed (t)
Anix(t) = ~ cos(Amit)
N(B)un—mixed (t) + N(B)mixed (t)

perfect realistic
tagging & At | . M | tagging & At
resolution /\ unmixed | o LI/ \ | resolution

o ’ \\ 8l ' "\\ .

6 o Negative At:

) /e 4 JEEZ Signal B decay

2 g 2l e RN .

ol Eams '-'/'/’"’- I AP L ’n_-r—":".’:{. Ll NP \A\x\'f: o T before tagglng
% 4 2 0 2 4 6 4 2 0 2 4 6
Decay Time Difference (reco-tag) (ps) Decay Time Difference (reco-tag) (ps) B :
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B Mixing Results (BaBar, 2001)

@ 900 ; ——r—r— —
=3 ¢ Unmixed Events i
« | BABAR
S 300 - 1
g | |
g 200 |
> t
U ol
100 r
[
g Mixed Events ]
300 - -
.f 1
[
200 |
!
100 '
[
0 L L
10 5 5 10
At (ps)
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__ ##unmized — #mized

— #unmized + #mized

Y
}

" decay time, ps

: T
o

_1 L I T | PR U S S T T
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|At] (ps)
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B and B, Mixing at LHCb (2013)

0.5

0.4

0.3

0.2

0.1

0

-0.1

(OF-SF)/(OF +SF)

-0.2

-0.3

-0.4

-0.5

Am = (0.511 + 0.005 £ 0.006) ps™

Nunmixed (t) . Nmixed (t)

Amix —

Nunmixed(t) + Nmixed (t)

B 5 D (K m7m )r™
P(At) = (1tcos(AmAt))e’™™ /21

0o 2 6 8
|At|(ps)

PRD 71, 072003 (2005)
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B; — Ds(3)m
8 e Tagged mixed
g . e Tagged unmixed
~ 400 Fit mixed
7 i
2 — Fit unmixed
©
o B
€ 200 |
S i
H+ B
00 I1llll2llll3llll4
decay time [ps]
Am_= (17.768 + 0.023 + 0.006) ps®
NJP 15 (2013) 053021
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D Meson Mixing (&CP Violation)

—_ iy HFAG-charm [ ]
2 1.5 M CPVallowed| & _Apm il S
April 2013 e} :
- % :
‘é’, 40j
< |
20 —
0~
- o —
- 20 -
i 30 |
5 40 i ,
_0.4' ' ' ' 'i' ' ' '.50 TIiJI\iIII'Ittt
-0.5 0 0.5 1 1.5 2 04 06 08 1 12 1.4 1.6 1.8
X (°/o)

lg/pl

Inconsistent with no mixing point (0,0) Consistent with no CP violation point (1,0)

LHCb making huge progress on CPV measurements.
Keep an eye out.

BND School, B physics & CP Violation Phillip URQUIJO 12 U r]l*.'{fr§>lt<itb0n;1|

Thursday, 29 August 13




CP Violation

Formalism & measurements in B decays
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CP Violation

CP violation caused by different interference effects in particle and anti-
particle decays

One of the two amplitudes could be from mixing

Due to complex part of CKM matrix

' -
A1 “"'116?"(’.)16?i($i , — 14 Aje @P1elot —

.

I

I

I

I

I
Ao = A2€i<pzei5z c;'P Aoy = A,ze—iq)-ze'idz

A|? = A2 =

A% + A2 + 2A;1 As cos(A¢ + AJ) A? + A3 +2A;1 Ag cos(— A + AS)
For CPV A1 and A2 need to have different weak phases ® and different
CP invariant (e.g. strong) phases &
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CPV in Charged B decays

cl
w2

® Consider charged (a) - }x( (b) uy L
B+*— Kt decays. H_& % ﬁ}"
® For K't°, there are 3 2—4\

diagrams, but only 1 for
Kt ©) W d W

® Therefore we expect CP b m b m
—>— »>S > S

violation in K-rt® but not %u}x( Wa ’
. Ogr- - o — —

- However, because we don’t know the strong phases its difficult
to get useful information on the weak phases.

%EJ
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Time Dependent CPV Formalism

Consider arbitrary final state f
Decay amplitudes of flavour states

Ap = AP f) = (f|H|P")
| Ay = AP’ = f) = (f|H|P")

General time dependence of decay rate for initially pure flavour states

([ ‘f
A

_ [ 1 1
D(P° = f)t) = |As? P 2(1+ |ApP)de Tt cosh(gAFt)nLDf sinh(§AFt)

- ; ; -
DP’ = )= |AfP(Q+ AP 3e cosh(§AFt) + Dy sinh(ﬁAFt) + Cf cos(Amt) — Sy sin(Amt)

— C¢ cos(Amt) + Sy sin(Amt)

2Re{ A} T Af]?
L+ 2 T T

Dy =

EEENYE

e For a given final state f, the parameter As fully describes the CPV

in the decay (oscillation) of the meson

BND School, B physics & CP Violation Phillip URQUIJO
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Classification of CP-violating Effects

e (Condition for CP conservation

[(fcp|H

e CP Conservation implies

1. CP violation in the decay
(direct CP violation)

2. CP violation in mixing
(indirect CP violation)

[PP())1* = [{fep[H|PY (1))
mlxmg[ '
q/p| =1 b ?\; a
|)\fCP’ =1 F ‘
Im)\fcp — O ‘I/l’l; e 2P

(P%f)#F(P%f@‘ |7A1

[(P° — P%) £T(P° - P°) & 'g| 21

3. CP violation in mixing/
decay interference

D(PP(~ P%) = f)(t) # T(P°(~ P°) = f)(t)

BND School, B physics & CP Violation
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CP Violation

1. Direct




1. Direct CP Violation: B — K+

e.g.: B—Kn

S
W K'
Tree N Ay ei*arg(VisVas) i

diagram BoO O"- Bo\/r o
[k

Penguin o 0 {O Agei*arg(ViiVis) ¢ib2

B’

Diagram

Measure asymmetry between B°—= K+~ and B°—Kmt*
A2 — | A2 = 2| 41| A2 [cos(arg (Vi Vis) + A8) — cos(arg(Vy;Vis) — AJ)]
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Direct CP Violation B — K*r

Discovered in 2004 (BaBar & Belle)

N§ 750

< 500 _NB° 5K'm)-NB* >K ")
> 250 " NB° K7 )+ NB > K 7*)
QD :

= O - —

€ 500k A_ (K'") = -0.082 + 0.006

A_ (KT = +0.040 + 0.021

: ot puzz'e’
0" g 2.3 '} .o : .
52 525 52 525 P(B° >K'n )>P(B">K ")

2
2008 Nature 452332. M, _(GeV/cT)

Could be a sign of new physics ...
... but first need to rule out possibility of larger than
expected QCD corrections

BND School, B physics & CP Violation Phillip URQUIJO 20 \mwers.mbon.nl
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How to rule out QCD effects?

® How to rule out QCD

focts? PRL 110 (2013) 221601
eneclts:

4000§: LHCb %:
® Measure more Bya— Km - @ -
decays & relate by L
Isospin o
® Perform similar analyses : T e -------------------
on B2K'm&orB—2Kp fw © @
® Measure Bs—KK decays ° =
& relate by U-spin |
®Firstevidence of CPVIin s o T i mm s

BS ==

Acp(BY — K 7)) = 0.27 £ 0.04 (stat) 4= 0.01 (syst).
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Status of Direct CP Violation Measurements

ACP Acp Acp
—— e KOt S — oK+ —_— f5(1525) K+
D K070 e — K4y f0(1500)K+T
w40 d)K‘H HFAG [ f2(1270) K
— Belle ——— K7 ‘ Jun 2013 0(980) K
BABAR ot - HdK*0 == /0
- . HFAG | HFAG
i - Jun2013 | | — sen [ oKiam0) —— GO
- - elle — 0
h:,(javg * ™ — . BABAR o . = fU(QSO)KUr Jun 2013
’ K+ CDF e 0K{(1430) . .
—— New Avg. 1 + e wIi(5(1430)
K+ E= $I(1270) e
o 3 (1430) e wK3(1430)
K™K %" —— Belle w3 (1430)*
[ (1430)07° e 0 (1430)° —— BABAR ==
== [0 Py —— New Avg. — b wi§(1430)°
lge Kj(1430)°7° = 008 WK
e +
g K(1430)Tn —a "/ 3(1430) , K0
7es —_——
—_—t KQ*(1430)0W+ J A0 —a— wK*
— D FF +
e Kinftn _=,= ’7“}\0(1430) p(1T00)" K
= K'rtnm _— MU(MBO)/ , p(1450)" K+
B nK* K-
—==* K*ﬂ'lﬂ-u ) Y]IK*+ e —— Kf;rpo
Kta—n'(N
T wrrom —
== K"K 1" B E 4
_-..: U | I(*OpU
Y- K ==
o e 1K;(1430)7 | KO
e K (1430)° T | =
A == ) X
%0+, _— oK 0
== K717 b NE3(1430) ] —
= Kntn” —_— k] (1430)+ f1(+
— K070 af KO
Kmt K- e biKT
=4 K*0K+K_ b]JrKn
— KKK~ b(l)K+
T T T T T T T T T T ) ) ) ) ) ) ) )
1 0 1. 1 0
CP Asymmetry CP Asymmetry CP Asymmetry

lation Phllllp URQUH O 22 universitatbonn
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CP Violation

2. Mixing




CP violation in Mixing

® B°-XIFv
® Lepton charge identifies B° flavour in semileptonic decays:
BY : b—éElty
B b= clD
If CPV = P(B° — B°) # P(B° — BY)

® Probability to observe two negatively charged leptons
® Probability to observe two positively charged leptons

® N— # N+
4. P(B° =B - P(B" 5B Ntt-NT 1- HE
T PB = BY)+P(B*— B NN 14|l
BND School, B physics & CP Violation Phillip URQUIJO 24 universitat ﬂ
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CP violation in Mixing

Starting from a pure |B°) state, the wave function evolves as m
L RU 0 Dl

" . ‘purg B I pure B [pure B ] Ignoring the

’ > lifetime

R

! N+— _ Nii
s f Belle (2001) A(AL) = N cos AmAt
. | - L N
3 CI| o NN NN = Aefalpl¢ 1+ [afpl?
1 = |qg/p| = 1.0024 + 0.0023
+ = CPV in mixing negligible in
. B system

25 ._.'HI“f't'_"f‘_:lt(l‘,bonnl
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CPV in Mixing: Semileptonic Bs decays

® DO: pyp inclusive - similar to Y(4S)
approach (subtract effect of Bq)

=3 90 from SM!

DO dimuon,
9.0 fb’

a

® LHCb & DO: Dsp (purified Bs 0
sample)

s F(ESO — D;u*)—I‘(BS — D:.U_) -0.02
" T(B"— D u")+T (B’ - Dfu)

a

-0.04

= agrees with SM
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CPV in Mixing: Semileptonic Bs decays

® DO: pyp inclusive - similar to Y(4S)
approach (subtract effect of Bq)

=3 90 from SM!

0.02 o a
- (0 dimuon,
- 9.0 fb’!
® LHCb & DO: Dsp (purified Bs I
sample) DO Dsy, 5.0 iy
s (B = D,u")-T(B - D/i) o
" T(B’ =D uH+T(B* = Diu)
-0.04
= agrees with SM
~004 002
BND School, B physics & CP Violation Phillip URQUIJO 26
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CP Violation

3. Interference

Im
Rt
*
Vuqub
X
Vil
'Re
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3.1 Measurement of angle  using CP eigenstates

More precisely: CP violation in interference between decay w/ and w/o mixing

The “Golden Decay”: BO—sJ/W KO (theoretically clean: tree
diagram dominates)

_ Bmixing _| |- B°decay - ' | _ K'mixing _
b= Ve "vy —d b W _—C lIJ| S Ve Ve~ d
E : W Ves: \g K : -
d—th Vi’ = P d d S d =Ved =Ves' = S
gf/p=e? A VoV, q4/p <V Vo lVV.,
Select Ks through decays
K)o~ plK%) +qlRY) K] oot
K% — 2ip(|Ks> +1KL) K) — ata 7 a ity

decay decay + mixing

darg (Vcchb*) - arg (th2th2Vcchs*Vc32Vcd*2)='2 [3

BND School, B physics & CP Violation Phillip URQUIJO 28 aniversitit b.on,l
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“Golden-Decay” Event in the BaBar Detector
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Time dependent asymmetry

® Define the time-dependent CP asymmetry
p0 0 0
(0= MO — /6K~ NGO~ 1K) _ in(Amt)
NB (t) — J/YK])+ NB°(t) — J/¢K])

® We can measure the angle of the UT

What do we have to do to measure Ap(t)?

e Step 1: Produce and detect B® — f, events

® Step 2: Separate B° from B°
e Step 3: Measure the decay time t

BND School, B physics & CP Violation Phillip URQUIJO 30 ‘_,m.,,t_;,‘_:lt‘itb'o,,',l
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Measuring time dependent CP asymmetries

-
s
‘‘‘‘‘
Py

v

///
- / -
'F/’/’<€

\

Flavour
Tagging

e+
| 2
e—, b B
B
Y(4S) -
e e
A 1 Brec
Z

A~~~

o,, =Ips < 170um
T, =1ps < 250um

BND School, B physics & CP Violation

y
L]
L]
....
]
Y

S

'~

AZ

Tag vertex reconstruction

JA

'A\
S L+
KS
| Tt

|
Start the clock T
Exclusive B meson and vertex reconstruction
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sin2f3 Results

I

o
<> 465M BB: PRD79 (2009) 072009 ‘

772M BB; PRL 108, 171802 (2012)

& ) e 5

= —r' -'. 2l

2 400f 2 | s P z

g 350 ; 2505 ‘:; o iy

P 300 @« 200} > C 2

S 250} S ! o s T =

& 200 @ 190} £ osf (br3

150 4 : z 02k 3

100F 7 100 S ﬁ %T s

) 50| < SYF N

S0p Aot E 2 02F w =

e -~ OF * 04f =

< 0.6f 3 0.6} 2 300 =

£ o0af E 04f I E

> 4 ++ > S 200 1 —':

3 o.2+ @ 0.2} = F - :

Ok 0 g 100 r - -

-0.2f ) 0.2} SR PO, o Jccccciiiii .

5 c‘ - -

-0.4f } 0.4 g 04F —+— E

-0.6;- -0.6 - i 2F % hl_:—«-—o /—:

6420 2 4 6 6420 2 4 6 i "iq._\_*__"/ :

At (ps) At (ps) - 5o 3 o E

b i > At(ps)

bin 20 = 0.667 £ 0.023 £ 0.017 sin2f = 0.666+0.031+0.013
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sin2f and the Nobel Prize

“... As late as 2001, the two particle detectors

BaBar at Stanford, USA and Belle at Tsukuba, Japan, both
detected broken symmetries independently of each other.
The results were exactly as Kobayashi and Maskawa had

predicted almost three decades earlier.”
BND School, B physics & CP Violation Phillip URQUIJO
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World Average for sin2ff Measurements

sin(2p) = sin(29,) HEAS

PRELIMINARY

BaBar
PRD 79 \2009) 072009
BaBar y_. K..:

PRD 80 \2009’) 112001 :
BaBar J/y (hadronic) K.,

0.69 +0.03 + 0.01

. 069+0.52 +£0.04 =0.07

1,96 +£0.42 = 0.21

Notation:
Belle |9 |9, |05
Babar, |P |o |Y
LHCb
Belle Il |? |? |?

PRD 69 (2004):052001 v "

Belle : 0.67 £ 0.02 £ 0.01

PRL 108 (2012) 171802

ALEPH ; 0.84 *15: £ 0.16

PLB 492, 259 (2000)

OPAL ' 3.20 3300+ 0.50, |

EPJ C5, 379 (1998)

CDF : 0.79 %4

PRD 61, 072005 (2000)

LHCb : 0.73 +0.07 + 0.04

LHCb-PAPER- 2012 035

Belle5S : : 0.57 +0.58 + 0.06

PRL 108 (2012) 171801

Average : : 0.68  0.02

HFAG

-2 -1 0 2 3
BND School, B physics & CP Violation Phillip URQUIJO
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3.2 Angle a from B — mrmr
(d
Tree diagram : } ol BF - 10¢

}) et et ] Tt~ CP eigenstate with CP = -1
o {(/ U } /!

d.u

BND School, B physics & CP Violation Phillip URQUIJO
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Sin2a/¢, from B—nn, pm, pp

Interference of suppressed b— u “tree” But “penguin” is
decay with mixing sizeable!
BY mixing BO decay: tree BO deca y: penguin
b ? :‘ (/ W f\';‘?'K/\/\ ’{‘ 250 S —
@ 7 vl + | D 7 < 2
y (R ——— - d " A
q/pocl\ /Aoc)é Aocy
A _4q Ao\ _ o2 midhs _ -i20 A »i29: T + Pe'%:e®
P A ”” T+ Pee?

Coefficients of time dependent CP asymmetry

neglecting ¢ g But: large stron .
e =sin?2 . larg g _ 2
penguins just C =0 %, penguins expected S = .1 -Co Sm2¢2eﬁ”
like sin2betal! C.__ osino
IP/TI~0.3
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Summary for o

mtm -- qun/pp/pn (BABAR)
Skmzpe; - -- mut/pplpm (Belle) e CKM fit
3 ar/pp/prt (WA)
1.0 | LI I LI I LI I LI I T I-':ll I LI I LI I LI I T T rl i
© 06F i ,'l N
> ™ ! p [N
s il o
> - il P
2 04 i -
0.2 5' | X : {

80 100
o (deg)

140

120

a[WA,all]=(88.5+47.4.4)°

BND School, B physics & CP Violation
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3.3 Angle y from B—DK

Theoretically clean measurement of y in the interference
between the decays B — DOK and B— Dk

Vub u p°
., ¢
.

Al Axpypt+nle® | Tu

<

the only CP violating parameter that can be measured through tree decays

Common parameters: <B *D°K> ioe)
=B
CKM angle vy (B—D'K)
Amplitude ratio rg Vv colsuppl—0.1-0.2
. r, ~ X |COL.Su =U.1—U.
Strong phase difference g Lolv, v PP

Precision on y very sensitive to value of r,
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Dalitz Plot Method

Reconstruct D in final states accessible to both p°and E

Study interference pattern in D%anti-D°) Dalitz plot for
B* — D(K h'h")K™

m;| 2 = 2
L \‘ DO(F ] mpS, . D°(D"
‘Aﬂf= +r, PUCESY) Y schematic
‘ m. = mz(Kshi)
AW\ -
Ap b—cC _ b—u M.

Sensitivity varies over Dalitz plane
Input: D decay amplitude = model uncertainty

Simultaneous fit to Dalitz plot density for B* and B-decays in data
BND School, B physics & CP Violation Phillip URQUIJO 39 ._,,”,‘,.:_ﬁ,i_v].li.,tx,'nﬂ
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Angle y from B—DK

x, =rycos(8, + ) PRD 85, 112014 (2012).

y, =", sin(cSB + y) ¢3 = (77.37125 £ 4.2+ 4.3)°

> 0.3F rg = 0.145 + 0.030 + 0.011 + 0.011
i - (b) | 65 =(129.9+15.0 +319+4.7)°
0.2 N model error
0.1 y=(76+22+5+5) &
OF o R B — DK.,D K,DK ‘
_ D—Ku'n KKK |

-0.1

-0.2 Difference in Belle & BaBar

stat. errors due to values of rg

-O3£r|| N
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

X .
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http://link.aps.org/doi/10.1103/PhysRevD.85.112014
http://link.aps.org/doi/10.1103/PhysRevD.85.112014

vy from combination of B*—DK* modes

® All direct CPV effects caused by y in SM

® Negligible theory uncertainty BaBar PRD 87 (2013) 052015
Belle CKM2012 preliminary
® Several B and D decays used LHCb-PAPER-2013-020
® Combination: from GLW/ADS (D—hh) & & LHCb-CONF-2013-006
GGSZ (D—Kshh)
Fﬂﬂz. --- Belle 3 Combined |
mei ---- LHCb

BaBar] = (69 £ 17)°

Belle] = (68 £ 14)°

LHCb] = (69+11-13)°
‘combined] = (68.0+8.0-8.5)°

p-value

<< <<
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3.4 The Bs CKM angle f3s

® Analogous to B — J/Y K, time dependent CPV in Bs
Swe =V sings” = sin(—ZﬁgM + quP)

® In contrast to 3, CKM angle Bs is very small

—28°M = (—2.08 £ 0.10)°

S

® Two interesting modes

it % :Finp

*\ }¢(1020) L KTK™

pseudoscalar to vector vector decay
Fit with 10 physics parameters:

7 angular amplitudes and phases +
['s, Al's, ¢s

BND School, B physics & CP Violation Phillip URQUIJO 42 ﬁ‘”l.u.:_;,(‘:ltlifw'n.,!

(PRD83, 036004 (2011))

B { »—Q;}W

*\ }fo 980) = TT*TT-

vector-pseudoscaler final
state (“S-wave”)

single CP odd eigenstate
no angular analysis needed
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Bs® — J/y ¢ analysis

Z P—VV decay: needs an angular analysis to resolve CP-even and CP-odd components

F

—}— data
——— sig. component
------- cp-even sig. component
’g 10* E T — — cp-odd sig. component E H'[I}: S A
-+ . [ —— S-wave component E JE{I} : _:
OV E — bkg. component - C ]
E- : complete pdf é 1000 F -
2 [ = s .
PRGN S 1 = sm
z = e E =) L ]
=] [ 3 = L ]
2 0F Sl T 1 5 Mt ]
S i 1 A0p >
! 3 3 w0 o S 3
N L L - ] [ PRSI il it St iR TS
1o 5 10 y 05 0 0.5 J
Decay time [ps] cosB
~ 1400 - T i T - E 1400 T T T .
= 1200 S 120F LHCb 4
- - r~ I .
g 1" g %"’J‘w
oo C - 5 3
= smf = swf + =
o X X —— —— 1
L o L - u
5 600 F I Sl T N
400 F 2 a0f o =
- g F e -~ . =
200 F g 20 e ISR
i i it Wi Sslsbn it seststonl isistent il Senistent il it laietent
{}- v 2 ] 2
¢ [rad]
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CP violation in Bs — J/vy¢ & J/ypmmn

LHCb 1.0fb~ + CDF 9.6fb "+DQ@ 8fb~ +ATLAS 49fb"

1_+|—1 025 _—l T T T ] :’n 1 r\:‘| T [ rrrr | rrr 11111 .lt
| - DO m .
8‘ B , K Fall 2012 | -
T 0.20 ' . -
N ) y 68% CL contours ]
- : ; “‘ (Alogﬁz 1.15) 7
<] 015[ | 1. LHCb —
0.10 ( ,T‘ECombined -
i \CDF ,'sM | E
0-05¢ : ATLAS :
[ 1 | | | ----- l | ||
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
s [rad]
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Summary: Measurements of Angles

0-7 | 1 1 1 I ! I 1 I I 1 I 1 1 _
o 1

A ! fitter

0.6 = 3 : FPCP 13 _

o l -

= 2 : =

05 =35 sin 2p ! —

L | © . sol. w/ cos 23 <0 —

kS ! (excliat CL>0.95)  —

0.4 —3 | 7

— |C I —

1= — |3 ! a -

0.3 -

02 — -

0.1 (— \J

= o ' AV
0.0 1 1 1 1 1 1

-0.4 0.2 1.

BND School, B physics & CP Violation

Phillip URQUIJO

Note: p = p(1-1%/2)
n =n(1-1%/2)
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UT sides




Measurements of Sides: The Left Side R,

Im
Rt
RU
IV lknown .
< 2%
BND School, B physics & CP Violation Phillip URQUIJO 47
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Semileptonic Decays

Decay properties depend

directly on |V, | & |V, | and m,
|
perturbative (a.").

|Vub| or |Veb|| w

<l

e |Vuw| = 0.004 the smallest element — not easy!
Mass & Flavour Phillip URQUIJO 48 | rn.»,ﬂﬁltr_i:ﬂ
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Semileptonic Decays

Decay properties depend

directly 0|.f1 V| &V, | and m,-
perturbative (ag).
e
|Vus| or |Ves|| W v
b . c Quarks are bound in hadrons.
B[ ]D Interactions of b-quark & light-

quark in the B are very
important.

e |Vuw| = 0.004 the smallest element — not easy!
Mass & Flavour Phillip URQUIJO 48 aniversitit ﬂ
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Measurements of [V | & [V, |

GFmb

Tozns Vel

['(B — X.v) =

X

(1+ ?ﬁIEIE)

2 Approaches in B decays

Inclusive X, = sum of all final states.
Framework: Operator Production Expansion.

Exclusive X.=D, X,=1: Specific final state.

Theory: Lattice QCD.

Mass & Flavour

Weak interaction
|Vcb| ’ |Vub|

Strong interaction
“Structure of the B”

»
Phillip URQUIJO

Different theory
frameworks.
Cross check
each other.

49
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IVl Determination

|Veb|, Mo & b fermi motion extracted from Semileptonic (and Radiative)

spectra.
o ARRAANRARS RRRS RARE LAAR ALY RARE LARE RAN
L 600X ]
2 H. Bell * B® data
& By belie B—X_ev
= 2000 mB—X,ev
© i | []Secondaries 1
8400: [.JCombinatorial -
® [“IContinuum
£
c
11

840608 1 12 141618 > 23 o4
pe (GeV/c)

Inconsistent

*New Physics unlikely

*b-quark dynamics?
*Problem with measurements?

Mass & Flavour

—{,,43.5i‘1°'3
> i
Global fit from 43
6 experiments i
42.5j
a2 \
- Xv \\\\\\
415 Xsy constraint
a5 Tae ar
m}S [GeV/c?]
Exclusive
L et | HFAG D*lv:39.7+ 0.5+0.7
o o arXiv:1207.1158
+ experimental * lattice
|nC|USiV6 HFAG 1S:42.0+ 0.5
o ixiv:1207.1158
T
IV_I[x10° N
Phllhp URQUUO 50 .,.rn",':fmt.i‘.bon.nI
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IVubl

® Problem: b—clv rate 50x larger

® Overcoming this background
increases Fermi motion

IContinuum

dependence.
3 R L B L B B U I U
S 600
% Belle * B’ data
O [IB—=X,ev
".500 B — X,ev
e [-]Secondaries
8_400 [.JCombinatorial
0
2
-
c
L

N \ a\ ‘ ‘==_ )

040608 1 121416 18 2 2223
p.° (GeV/c)

Mass & Flavour

I'(b—ulv)
I'(b—=cliv)

0.8 ¢

------------ parton model
kinematic limit of b—c
0.6 . . . .
including fermi motion
1 dr (model)
L'dE; ¢4
(GeV)
0.2

1.5 2 2.5

E, (GéV)

0.5 1

Phillip URQUIJO 51
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[Vl from Inclusive B—Xlv

® To remove b—clv: lose part of b—ulv.

Measure  I'(B — X (v )x e ‘Vub‘z (1 + *ﬁIEIE)

Fraction of signal measured If fc<80%, theory error
— large theoretical uncertainties dominates precision

eNew paradigm: B-“tagging” & Data mining techniques (Neural networks
& Decision Trees)

F 'I""I"'il""_ _';"I".'bh—l""
Access ~90% »000 L Belle ; i Bty
: Hadron 1 - 8= X1y
phaSe Space i . . 2000 [(N)Secondaries ]|
N 8 1500 F invariant { 2 E]Combinatorial |
(plep >1 GeV) c I c : ]
d>J ; mass d>J B &l Continuum
“Breakthrough” m 1000 ! n 1 W 1000 L ]
PU in 500 :_jﬁ 7 i
PRL 104 021801 (2010) 0 —,_H—‘ , : - N e VISV
0 1 2 3 4 0 10 20 30
M, (GeV/c?) q2 (GeV?/c?)
Mass & Flavour Phillip URQUIJO 52 Jniversititbonnl
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B—nalv Exclusive

s 2501
= - | m Data Submitted to PRD June 13, +
< > 200 Bty PU in (Belle) arXiv:1306.2781
Q) L
/ o C
Il§ 5 150:— +
o _’_‘\ 8 1000
c -
o_:
M2 (GeVZ/c“)
Theory F_%ange
Inclusive WA:4.39 + 015/
HFAG 2013 Inclusive GGOU
Theory Range European Strafcegy
Exclusive WA3.26+ 0.99 Group for Particle
; . l HFAG 2013 Exclusive Fit PhySiCS (Jan 201 3)
. Leptonic 5 45140424010 identified |Vus| top
! o I WA (private), 2013 . . .
priority in flavour.
CKl |V|| Fltl CKMfitter:3.42 +8fg
Summer 2012
PR I S S N IS T T s TN T TR TN (N NN TR S TN NN S TN SN NN NN S SR
3 3.5 4 4.5 5 5.5 6
IV 1 [x 1079

Mass & Flavour
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http://arxiv.org/pdf/1306.2781v1.pdf
http://arxiv.org/pdf/1306.2781v1.pdf
http://arxiv.org/pdf/1306.2781v1.pdf
http://arxiv.org/pdf/1306.2781v1.pdf

UT sides




The Right Side R,

Im

) [

RV

Must use loop processes
where b—t—d

BND School, B physics & CP Violation

Phillip URQUIJO
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Viq from B Mixing

@ Relation between B mixing & CKM elements:
Am G: 2 >
- _ _™F 2 i my
= = Bptymyty [V, Vy >~ [Macp
| R ¢Y myy

® F is a known function, nacp~0.8
@® Bg and fg are currently determined only theoretically.

® fg very difficult to measure experimentally (B—1 v).
® Best hope lattice QCD, slightly more precise for Bs mixing
® Ratio needed in UT (cancels parameters)

IVial?/ Vis|?=[(1-p)?+n?]
) bs' Belle/Babar WA(inc LHCb) A%

Am m Vi
s _ 1°Bs 5 2| s Amg |0.508+0.005 0.507+0.004 0.8
Amg mp, |Via
Ams 17.72+0.04 0.2
BND School, B physics & CP Violation Phillip URQUIJO 56 m,‘.,ﬂ‘_,[tt,:ﬂ
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[Vigl Summary

Inclusive Radiative (AT*~1%) B—Xs.dY ; Y
I ® I
Exclusive Radiative (AT~17%) N:
| | o ! || (Assumes isospin symmetry) b I8 o ,S
Mixing (AT~2.6%) (PDG 2013) Viol| >~ - -7
. W+ ||Vid| or |Vis|
0.15 02 0.25
IV NV | Most precise |Vi| (PDG)
td ts
Vig| (mix)  |(8.4+0.6)103
| [IVis| (rad)  |(42.9+2.6)10°3
® |Vis|=|Veo| with UT constraint, >
| o| | [Vidl/|Vis] 0.211+0.006
® Can also precisely extract |Vis| from <
B(B—Xsy) § Vis)/|Veb| 1.04+0.04+0.03
2| [ |Veo|** ~1.03:0.04
cf. Veo|  (40.9+1.1)103
i FPCP UT sides at e*e”, FPCP 2013 Phillip URQUIJO 57 bﬂ
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CKM Picture

0.7

mVV =1 givesus ¥
Qo6

* =
VudV sV Y +V;dV =08 s

excluded area has CL > 0.95] 7

A triangle on the

complex plane g:racr':ﬂer r“":eas“reme SV/IV
Vub™* (4.4x0.5)102 (10%
Veb (4.1£0.1)102 | 3% PDG
Vid/Vis 3%
Ved 0.228+0.006 (3% 1209.0085
Vib ~1.03+x0.04 4% 1302.1773
Mass & Flavour Phillip URQUIJO 58 universit a‘tbo'n!
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CKM Picture

m ViV — " 0.7 —r— —— —— —— — —— ———]
VIV=1givesus ¥ “F; | — 2 ' ' -
g-' 0.6 :_Z ¢3 Amg : : fx Winter 12 _:
VudV +V, V +V, V =0 S os 5 sin2 A\
0.4 E_g (excl.at' CL > 0.95) _f
S -
03 — |
02 &
01 B \=
0.0 - - — - ' =
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
A triangle on the I,
Complex plane UT CKM Measureme 5V/V
Parameter nt
Vub** (4.4x0.5)102 (10%
Veb (4.1£0.1)102 | 3% PDG
th/vts 30/0
Ved 0.228+0.006 | 3% 1209.0085
Vio ~1.03+0.04 4% 1302.1773
Mass & Flavour Phillip URQUIJO 58 universit a’tb!n!
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Putting it all together

1.5 71 [T T T T [ T T T T T T T 1 [ ——
: | excluded area has CL > 0.95 ]: :
1.0 - -
0.5 — _
L &g
<= 0.0—-------- 7 /s SRR
i o } -
0.5 -
-1.0 =
= FPCP 13 |
1.5 I B A BN AR R A R B
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
P
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o
-

Putting it all together

Kandinsky

BND School, B physics & CP Violation
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End of Part 2




Homework: CP Eigenstates

¢®Which of these is a CP eigenstate?

¢ BO—- T ¢ K°—»rr & B°—J/P K,
¢BO—o e ¢ KO—=m'rnm® ¢ B.—J/p P
*B_ ~J/hn’ ¢ B°—porc @ B°—pop°

BND School, B physics & CP Violation Phillip URQUIJO 61
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Aside: The origin of “penguins”

Symmetry Magazine Jan/Feb 2007

The origin of penguins
Told by John Ellis:

Mary K. [Gaillard], Dimitri [Nanopoulos], and | first got interested in what are
now called penguin diagrams whie we were studying CP violation in the
Standard Model in 1976... The penguin name came in 1977, as follows

In the spring of 1977, Mike Chanowitz, Mary K. and | wrote a paper on GUTS
[Grand Unified Theones] predicting the b quark mass before it was found.
When it was found a few weeks later, Mary K., Dimitri, Serge Rudaz and |
immediately started working on its phenomenology

That summer, there was a student at CERN, Melissa Frankiin, who IS now
an experimentalist at Harvard. One evening, she, |, and Serge wentto a
pub, and she and | started a game of darts. We made a bet that if | lost | had
to put the word penguin into my next paper. She actually left the darts game
before the end, and was replaced by Serge, who beat me. Nevertheless, |
felt obligated to carry out the conditions of the bet

For some time, it was not clear to me how to get the word Into this b quark
paper that we were writing at the time.... Later...l had a sudden flash that

the famous diagrams look like penguins. So we put the name into our paper,
and the rest, as they say, is history.”

John ENis in Mikhail Shifman’s “ITEP Lectures in Particle Physics and Field
Theory", hep-ph/9510397

John Ellis is the former director of Theoretical Particle Physics at CERN
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sin2f3 Measurement Principle

B°)
I'(t) No mixing x [1 % sin(2B) sin(Amt)]
#
# Events . ° Time resolution
Unsmeared » Mis-tag probability
theorv Resolution
) Smearing
s
“« « >
BND Scho At At 63 mwemta’tb!n‘
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B — m;t Results

BaBar : 467M BB
arXiv:0807.4226
Belle :535M BB
PRL98 (2007) 211801

Belle

No. of x'n” events

_06 - \

ACP
o

0

At (ps)

7T‘|'7T # O and S7T‘|'7T

SETR
=

= \/1-C2,_sin2ae

- Observed two types of CP violation:

- Direct :C=0
- Mixing-induced: S # 0
BND School, B physics & CP Violation

O((leﬁ )~ 4°

Phillip URQUIJO
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-0.4
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" K P 2008
PR ELI‘JI‘AT-
BaBar

Belle
Average
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From a . to a: Isospin Analysis

To correct for penguin contribution: Gronau-London method (isopsin triangles).
From flavour tagged decay rates of mm-, =% non?

[2 1 /
ol [= |am. IT=0) + /= |77 2
V3! V3
0 0
|t [=|am. I =0) — /= |7m, [ =2
V3 V3
a0 = |am [ =2)
I i ) —)
— A A =
—> |V
L 1+ 4 _\uu \u~ Z~ -
V2 o AB—11") = AB™—7"1")

arg(AT /A7) = 2Aa = 2(a—aef)

Ambiguities: 4 triangle orientations
= 4-fold ambiguity for Aa

a < m—a = 8-fold ambiguity for a

BND School, B physics & CP Violation Phillip URQUIJO 65 U rn‘-.'f_-‘rgltr_itb!n‘

Thursday, 29 August 13




o from Isospin Analysis

Input > Br(B® = z'x"), BF(B* = n'*n"),BF(B’ = °n°).C, .S, .Cy,

Find minimum X2 in fit of isospin triangle to measurements. compute C.L.

PRL98 (2007) 211801

. 1.2¢
O 1t
— 0.8}
0.6
0.4{

BaBar : arXiv:0807.4226

More promising: B — pp

- 5% larger BF

e \ j VoV 02/
i CENTUUI 0 FO A e S ——
S IER eeaety . ra AR % 100 150
d
Belle:  11<a <79 excluded at 95% C.L. o (degrees)
BaBar: 23 <a<67° excluded at90% C.L.

- Much smaller penguin pollution: |P/T| ~ 4%
- Final state is mix of CP-odd and CP-even, but
CP-even (longitudinal polarization) dominates

BND School, B physics & CP Violation
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Experimental Situation

1. (Ideally) Use modes with small penguin contributions

2. Correct for penguin effects (isospin analysis)

+ - + -
T T SCP Vs CCP E PP Scp VS Ccp @

PRELIMINARY Cep PRELIMINARY
T ™ ¢ Y '
© " BaBar - BaBar
Belle 0.4 } Belle |
LHCb Average
Average
0.2 |
4 o - -
0.2 1 -
0.6 + :
04l ~
0.8 - 1
L 1 1 1 l ) . ' . l .
o8 o6 ry Y o . -0.4 -0.2 0 0.2 0.4 s
P e . L cP
Contours give -2A1N L) = Ax” = 1, comesponding 1o 60.7% CL for 2 dolf cp Contowes give <241l L) » Az « 1, conesponding to 80.74 CL for 2 dof
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Dalitz Plot Measurement

Compare regions of Dalitz space and quantify difference

"PRD 85,112014 (2012).
B~ — DYK—: BT — DOKT:
— 3 — 3
9 3 S 3§
2 25 2 2.5
2 O
—~ ~
clﬁm 2 cgm 2
X X
T 1.5 € 1.5
1 1
0.5 v 0.5
0.5 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
m2(Kgfc') (GeV?/ch m2(K:n+) (GeV?/c?h)
2 = 50 il
2 100 B+ < 30F _I_ 'I'
2 _ fn 20F
> s0- B = 10 ++J_r=|= o4y N n
g % 10f =+ ] B~ — DK™ sample
= 40 -20 '|' _I_
-30
20 A a0
086 4 2 0 2 4 6_8 056420 2 4 6.8
Bin Bin
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