Physics at B-factories

Part 2: Measurements of the angles and sides
of the unitarity triangle

Peter Krizan
University of Ljubljana and J. Stefan Institute

1 D
. ] “Jozef Stefan” QD

University . _
of Ljubljana Institute




How to measure sin2¢,?

=1

To measure sin2¢,, we have to measure

the time dependent CP asymmetry in
B->J/W K, decays

)sin(Amt) = sin 2¢, sin(Amt)

°l§

a; =-1Im(4

fep

ifCP =1 fep
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Reconstructing chamonium states

Reconstructing final states X which decayed to several
particles (x,y,z):

From the measured tracks calculate the invariant mass
of the system (i=x,y,2):

M= E) -2 p)°

The candidates for the X->xyz decay show up as a
peak in the distribution on (mostly combinatorial)
background.

The name of the game: have as little background
under the peak as possible without loosing the events
in the peak (=reduce background and have a small
peak width).
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Exp 5 Run 272 Farm 5 Event 10889
Eher 8.00 Eler 3.50 Tue Nov 16 23212208 1999
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Reconstructing chamonium states
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Reconstructing KO
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Gaussian

] ARGUS function
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Reconstruction of rare B meson decays

Reconstructing rare B meson
decays at Y(4s): use two
variables,

beam constrained mass M,
and

energy diference AE

AE =% E —Eqy/2

My, =/(Ecy 122 =D B,)’
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Continuum suppression

Continuum
continuum Jet-like €
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ete — gg“continuum” (~3x BB)

To suppress: use event BB
shape variables spherical
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Reconstruction of b-> ¢ anti-c s
CP=-1 eigenstates

Reconlsfcrlulcteldldlelcay Imloldels Ifolrl78/fb, 85M B B pairs, Belle 2002

result
600 1 Sum |

i Jhy K (n'm) | B — events HLN
emem Iy K () J/YKs(Ksg — ™) 1285 | .976
1 | J/vKs(Ks — n07nY) 188 824

5 ) 1 | ¥(25Ks
> 400 T ek N (p(28) — £+ )Kg 91 957
= | | ] (p(28) = J/pmntn=) | 112 911
3 r— = Jy K 34 Xc1Kg 7 958
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- . 1 | (e = KKK g 49 725
200 5 - | 7e(me = pP)Ks 21 936
i J/pK*(K* = Kgn©) 101 917
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o B e o Er P T, Total 3326 | .807

5.200 5.225 5.250 5.275 5.300
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_ 2 -
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2958 events are used in the fit



Reconstruction of b-> ¢ anti-c s
CP=-1 eigenstates

1/P(¥xcnd) Ks(K*0) sample (ne=-1)

From 88C(8§)x106 o BaBar 2002 result
N, 600 [ —— 77—
g 0 + i

0
= 400 |- V(25) K :
N XclKS
? i WCKS
= 200 J ) K*0 i
>
i -Background
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Reconstruction of b-> ¢ anti-c s

CP=+1 eigenstates

4 detection of K in KLM and ECL
4+ K direction, no energy

500 T : T T : T T T T | T T T T
| | 1330 events 7]
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400 | m ; ]
o) m : T
= - i i}
0] = = O JWK_ (834 events) ]
o i ]
g 300 - O J¥ K XBG, K, detected N
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2 i ]
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Q0 .

£
£ ]
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+ p* ~ 0.35 GeV/c for signal events
4 background shape is determined from MC,
and its size from the fit to the data



Principle of CPV Measurement

Flavor-tag decay
(B° or B° ?)
JAY
= Q .
—_— e T / cP
e T I
=0 \Ks
Az
S_pg| e ~
B+ B more Bs

Nore 85/ t= Al(ey)

Amplitude is reduced due to <: (1 -ZW)SI'I?ZD

imperfect tagging
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Final result

+ q&,=+1 CP is violated! Red points differ

O % qE,=—1 from blue.

=
[

(Npoeo N (N #N,._ )
&
(&)
" 1 " " ] 1

1IN-dN/d(At)

Red points: anti-B° -> f, with
CP=-1 (or B? -> f with CP=+1)

e T Blue points: BO -> f, with CP=-1
g0 + _f_ (or anti-BY -> f, with CP=+1)

s I Belle, 2002 statistics
8 6 4 2 0 2 4 6 B8 (78/fb, 85M B B pairs)
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Fitting the asymmetry

Fitting function:

“|At)/ 7
€ .
Pag (A) = —- L+q(1-2w,) Im Asin Amt}®R(t)
Miss-tagging probability Resolution function:
from self-tagged events
B—D*lv, D=, ...

g=+1 or =-1 (B or anti-B on the tag side)

Fitting: unbinned maximum Tikelihood fit event-by-event

Fitted parameter: Im(L)
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s1n2¢,=0.741+0.067+0.034 (BaBar)
s1n2¢,;=0.719+0.074+0.035 (Belle)
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More data....

Larger sample -
esmaller statistical error (1/+/N)
ebetter understanding of the

. . 0.5 .
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b > canti-cs
CP=+1 and CP=-1 eigenstates

a;  =-—Im(4;_)sin(Amt) B
Asymmetry sign depends on the CP parity of q Aq
the final state fep Mgp,=+-1 ﬁfcp =M., =

P A

J/w Kg (n+ n): CP=-1
oJ/y: P=-1, C=-1 (vector particle J?¢=1-): CP=+1

oK. (->n* n~): CP=+1, orbital ang. momentum of pions=0 ->
P(ntn)=(n=n*), C(n ") =(n* n°)

eorbital ang. momentum between J/y and K 1=1, P=(-1)!=-

J/w K (3n): CP=+1
Opposite parity to J/y K¢ (n* n~), because K, (3n) has CP=-1
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CP violation in B system:
from the discovery in
BY->J/W K, decays (2001)
to a precision
measurement (2006)

sin2¢,=sin2p from b->ccs
535 M BB pairs

Entries /0.5 ps

Asymmetry

CP violation in the B system

[ B — JiyK®

BO tag
BO tag

sin2¢,= 0.642 £0.031 (stat) £0.017 (syst)
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How to measure ¢, (a)?

To measure sin2¢,, we measure the
time dependent CP asymmetry in »\
B> nn decays /

=]

p
N P(B® - fep,t)—P(B” — fep,t) A
‘" P(B° > f.,t)+P(B° > f.,,t) A, =f7fcp% =
2 , - - , 1:CP
(1-|4;_ [")cos(Amt) —21m(4;_ )sin(Amt)
- 1+ 4, |

fep

In this case in general A # 1 - much harder to extract ¢,
from the CP violation measurement
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Decay asymmetry calculation for B->n* =~
- tree diagram only

g W— u
d (a/p) A/A <
/ / Vud _
'\ ™ \ X \ d
A =n Vis Vi J . VubJ
\thvtd Vuqub

Im(4_ ) =sIn2¢, =sin 2«

Neglected possible penguin amplitudes ->
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nt - tree vs penguin

penguin

\/ub\/ud’“‘:A}"3 (p_-i T])
VipVig*=AA3(1-p+in)

How much does the penguin contribute?

Compare B - K*n~ and B - z*n- -
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TTTU

Diagrams for B> nr, Kn decays

V]|
=]
Q o
QIS 1
A
|
o
o
o

a3
+
Q

b u b u
nt BO nt
d d d d
7L3 - 14-

Krt

A2 w A3 A0 w A2

l & 1w

A3 » A?

*Penguin amplitudes (without CKM factors) expected to be

equal in both.

*BR(nwt) ~ 1/4 BR(Kn)

*Kr: penguin dominant - penguin in tt must be important
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4 P(B® > fep,t)-P(B° = fe,t)
. B fep o po 0 —
=S sin(Amt) — A cos(Amt)

No. of ' " events

S = -0.67+0.16+0.06

s Ser A= 0.56+0.12+0.06

£ o i

= + i - direct CP violation!

Sl Evident on this plot:
s 0 * vy Number of anti-B events

< Number of B events
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CP asymmetry in time integrated rates

 IT(B—-f)-T(B—>f) 1-|A/AJ
(B f)+T(B — f) I+[A/Af

CY

Need |A/A| # 1: how do we get there? A = Z Aiei(5i+¢i)
i

In general, A is a sum of amplitudes with _ _
strong phases 6;and weak phases ¢.. The A? = Z Aie'(é“ )
amplitudes for anti-particles have the same i

strong phases and opposite weak phases ->

=3 AAsin(g, —¢,)sin(, - )

- Need at least two interfering amplitudes
with different weak and strong phases.

Al (A
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B->nt n: Interpretation

Interpretation:
tree + W@ |
tree level o Py 06
I
ﬂ, . 62i¢2 N ﬂ, B 62i¢2 1‘|‘ | P /T | e :| ﬂ, | 210, 4
T T / io—ig, ~ | "nx
1+|P/T|e strong phase
- diff. P-T

Am =0 — Am oc SIN o weak phase

] ] (changes sign)
S__=sIn(2¢,) > S__= J1-AZ,, SIN(2¢,, )
0rerr dependson d, ¢s, ¢, and |P/T]

n= ¢; + &, + &3 - b,.¢¢ dependson s, ¢,, ¢, and |P/T|

¢,. well measured
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Extraction of ¢,

Use measured BRs and asymmetries in all three B - = ©t decays

— extract ¢,

Similar analysisasforB - = =© alsofor B - pp

(6,8TT closer to ¢,)

..andforB - p =«

BaBar/Belle BaBar
S,. Br(B%-n09) Similar from B - pp
A.. Br(B'—n'm) BaBar/Belle

A Br(B*—n*n’)  Similar from B - pT

b= 106° £ %50

Peter Krizan, Ljubljana




No easy (=tree dominated) channel
to measure ¢5 through CP
violation.

Any other idea? Yes.

N

VudV b
=dal
7/ ¢3 g Vchcb :

How to measure ¢57

Vudv;b
chvn;b ‘

i-az (b} 720445
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¢5 from interference of a
direct and colour suppressed decays

Basic idea: use B-KD° and B--»K-D® with D°,D0-f
interference « ¢,

f: any final state, common to decays of both D° and D°

S K-
b w;@éﬁ b U o
&S C

< —
0 = Wre( €
B™ - D —
u g u S K-
u
3 .
T ~ Vp*Vys ~ AA3 Te ~ Vyp*Ves ~ ALY (p+1n)

(p+in) ~ el63
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¢5 from interference of a
direct and colour suppressed decays

Gronau,London,wyler, 1991: B- - KD,

Atwood,Dunietz,Soni, 2001: B- » K DO [K+r-]

Belle;Giri,Zupan et al., 2003: B~ - K D*) [Kntn~] —
Dalitz plot

Density of the Dalitz plot depends on ¢,

Matrix element:

M, = f(mi, m2) + re'®0 f(m2, m%),

‘

Sensitivity depends on or any other common
0 3-body decay
r_\/Br(B — D" K")

Br(B~ — D" K")

~0.1-0.3

Peter Krizan, Ljubljana



T ) m? (GeV¥/c?)

S

-

m2 (K

@
W

¢5 from interference of a
direct and colour suppressed decay

-
(4]
L

E:i} Visible asymmetry
Fit with ¢5;,56,r; free

B+*— DOK* B-— DOYK-
— —_— —_ 3 ———
iy + 0K+ K - 0K-
5. X, B* —-D'K 5 3",§c' B~ ->DK
SRRy 139 events % AL AT e 137 events
ot ~ | %, ..
. | 2F . 1
- l;’m . . .
'i' ' . 15 '_" .
X. - A S e
° * e E 1 « o %%
: e o L2 T °
. . ofe o. L] -
L 0.5 "."' * e
05 1 15 2 25 3 05 1 15 2z 25 3
m? (GeV3/c?) m? (GeV?/c?)
m2 (K ) m2 (Kym*)

+

b3 = (68 = 14 % 13 % 11)°

kgl o WS G Blpive b

re= 0.21 * 0.08 * 0.03 * 0.04
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Update 2006

Events/(1D MeV)
Events/(10 MeV)

3 = (53 £ 15, (stat) * 3 (syst) * 9 (model) )°
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Unitary triangle: one of the sides is
determined by V

+0(1Y)
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?] |Vub|
|V, | measurements

" p

From semileptonic B decays

b—clv background typically an order
of magnitude larger.

X

|Vyp | , |Vep |
Traditional inclusive method: fight the background from b—clv decays by
using only events with electron momentum above the b—clv kinematic
limit. Problem: extrapolation to the full phase space— large theoretical
uncertainty.

New method: fully reconstruct one of the B mesons, check the properties
of the other (semileptonic decay, low mass of the hadronic system)

e\ery good signal to noise
oL ow vyield (full reconstruction efficiency is 0.3-0.4%)
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Full Reconstruction Method

Fully reconstruct one of the B’s to
— Tag B flavor/charge
— Determine B momentum
— Exclude decay products of one B from further analysis

Decays of interest

b7 <j B->X, I v,

e— B>Kvv
(8Gevﬁ'§ «—e+(3.5GeV) [ B3Drv, 1v
Y(4
B / (= full reconstruction
K4 B->Dr etc. (0.1~0.3%)

- Offline B meson beam!

Powerful tool for B decays with neutrinos

Peter Krizan, Ljubljana



Fully reconstructed sample

1 Esoooo - ]
Fully reconstructed sample S| B0 Signal...2544
2 ' , %wow B bkgd ..... 177669
Clean environment but small sample: € __ ~ 3-107 i # oo |
Exclusive method: 180 decay channels o |
|
I 20000 [
Reconstructed channels: B
| 10000
B’ » DMt / DM p* / DM a,t/ DO™D OF ! :
I o I5.23‘ ‘5.24I I5.25‘ l5.26l ‘5.2'." 5.28 5.29
Bt = D®» gt/ D® gt/ D®0 T/ DD HT! " (Gav/e)
/DR /DT DD 953 et
D*O - DOTCO : oo + Signal 422753
| r PR  oignail.....
D* —» Dt/ Dn° LTk B bkgd ... 255446
g0 ity ... 0.62
DS* _) DSY i 60000 :— purlty
|

50000 [

D’ - Kn/Knn'/Knnn/Kn'/Knan/Kann’ /KK . |
D — Knn/Knnn’/K n/K nn’/K nnn/KKn o |
D, > K Kn/KKn

20000 [

10000

L L L 1 1 L 1 1 1
5.23  5.24  5.25  5.26  5.27  5.28  5.29
M,_(GeV/c?)



M, analysis

Use the mass of the hadronic system M, as the discriminating
variable against b — clv

M, = mass of all hadrons from the B decay.

Expect: (b)
*M_ for b > clv to be above 1.8 b—u MC
+ data

GeV (b = clv results ina D
meson with >1.8 GeV)

* M, for b = ulv to mainly below
1.8 GeV (B>~lv, plv, olv ...)

0 0.5 1 1.5 2 2.5 3
M (GeV/cz)

Peter Krizan, Ljubljana



=
-~ i
M, analysis & oo (b)
E’ 400 ] b—>u MC
o b—c MC
;ﬁ i 4+ data
300 |
MX<1.7 GevV/c? / q2>8 GeV?/c? 2001
Total error on |V .| ..... 12% o0
N

2.5 3
M_ (GeV/cz)

Vil = (4.93£0.25+0.22%0.15+0.13 % 0.46 +020) x 107

stat syst b—u b—>c SF theo
model dep.

— +0.13 ;
253 fb-1 Vsl = (4.35£0.20+0.15+0.13 +0.05£0.40 _y", ) x 10 3
stat syst b—>u b—c SF theo
model"dep:
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All measurements combined...

Constraints from measurements of angles and sides of
the unitarity triangle >

0.7
ICHEP 08

0.5

0.4

excluded area has CL > 0.95 ]

| IIII|IIII _I’_I‘Iy

0.3

0.2

0.1

gl 25 M| lllllllllllllI|IIII|IIIIIIIII

- Remarkable agreement
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Back-up slides
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What is a Dalitz plot?

Example: three body decay X->abc. e
M; denotes the invariant mass of the % ‘
two-particle system (/7)) in a three body ™ 10+
decay. Kinematic boundaries: drawn foi
equal masses m_, = m, = m_= 0.14 Ge
and for two values of total energy £ of
the three-pion system. Resonance
bands: drawn for states (ab) and (H6¢) < os-
corresponding to a (fictitious) resonanc
with M=0.5 GeV and I'=0.2 GeV; dot-
dash lines show the locations a (ca)
resonance band would have for this :
mass of 0.5 GeV, for the two values of o 0.5 o
the total energy £. e (a0
The pattern becomes much more complicated, if the resonances interfere.

E=1.170 GaV

[M*(be))?

Richard H. Dalitz, "Dalitz plot", in AccessScience@McGraw-Hill,

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana




¢ from interference of a
direct and colour suppressed deca

Use D% decays from D*-
— DOm-, DO —» K mtm-
decay to model Dalitz
plot density in two

variables:

m? (K n*)=m,? and

m2 (K ) =m_2

June 5-8, 2006

Coul
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FIG. 5.
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2000
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1500

1250

1000
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250

i

L L L
0 0.5 1 1.5

ﬁ, -
2 2.5 3
m2(GeV2/ct)

(d)

L
2 2.5 3

m2(GeV2/ic?)

(a) m?%. (b) m%, (c) m2_ distributions and (d) Dalitz

plot for the DY — K 7wt 7~ decay from the D= — Dz
process. The points with error bars show the data; the smooth
curve 1s the fit result.



Update 2006

M | NS | N ( " 1 " . " | M S S N |
0 100 200 300 0 100 200 300 100 200 300
0, (degrees) ¢, (degrees) 4, (degrees)

$,=667% (degree) $;=86; (degree) $;=117"(degree)

Combining 3 modes
$,=5304 (stat.)+3°(syst.)+9°(model)|

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana



|V .| Results

IV,,| = (4.50%0.15 £ 0.55) x 10

Lepton endpoint (p* > 1.9 GeV/c)
13% }

LEP Average

Full reconstruction tagging M./
IV,,| = (4.93+0.33+0.56) x 103 qui%% 3

M
+ + 3 x
(4.35£025+0.45) x10°

| Vsl

P,

)

IV.,| = (456 0.30 £ 0.55) x 10°3

14% |

4.09+0.37+0.56 ;
CLEO endpoint i
e e ® o |
4.75+0.23+0.63
BaBar endpoint i
O
4.4+0.15+0.44 —
BELLE endpoint
e ® = s m—
4.5+0.15+0.55
BaBar My
[ e @ o |
5.03+0.29+0.41
BaBar M- q’ freco i
[ . ® . = |
5.18+0.52+0.42 |
BaBar Ep- qz freco :
]
4.99+0.34+0.51
BELLE M,-q’ sim. ann.
X
———t—
4.75+0.46+0 .46
BELLE My-q" freco :
Y ¢ T
4.93+0.33+0.56 ;
BELLE M, freco
[ s ® s |
4.35+0.25+0.45 :
BELLE P,
| e m ® 2 — |
4.56+0.3+0.55
Average HFAG2004
4.740.44 ' !5: '
| | '
2 3 4 5
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2005: B® = 1/y K° with 386 M BB pairs

BO 2 J/wKJ BO 2 J/yK]

1600} ] :
[ JpKg(@tno) _ 25001 + data
1400F 386 M BB + S I [ Jrek,
® 1200 & 2000 | : ] JAPK X BG, K, detected
> N . S i | |
= Nsig = 5264 = N [ JA¥X BG, other
%1000_ Purity 98 % @ 1500 1| | Bl combinatorial BG
o c i 1 1 .
o SoF CP odd : L Nsig = 4792
600f : : g 1000} :. : Purlty 60 %
[ I 1 Qo I
400f ! ! E i CP even
: | | = 500 SO
200f ! ! i
0- 4. = I---.--.L..... : M 07
5.2 5.22 5.24 5.26 528 5.3 0 02 04 06 08 1 1.2 1.4 16 1.8 2
My, (GeVic?) pa™ (GeVic)
My, =/ Epean — Ps7
bc ™ beam JyKs Pg. (Mmomentum in CM)
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K-+ - tree vs penguin

penguin

S Vubvus*=A}‘4(p_-iT])
Vcchs*=A}“2

Penguin amplitudes for B - K*zx~ and B -» =n*n~ are
expected to be equal. Contribution to ACuus) 1n K*mn-
enhanced by A in comparison to n*n-

B - K*n~ tree contribution suppressed by A% vs n*n .
Experiment: Br(B-K*x-)= 1.85 10>, Br(B-n*r )= 0.48 10-°

- Br(B-n*n-) ~ 1/4 Br(B-K*z~) - penguin contribution
must be sizeable
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B->nt n: Interpretation

Interpretation:

tree + F
tree level o i

[
/1 _ e2i¢52 N ﬂ _ eZi¢2 1+| P/T |e@@ =| | 210
T T 1 P/T 10—igy L/7/4
T | | c strong phase
i diff. P-T
Am =0 — Am oc SINO weak phase

(changes sign)

S_ =sin(24,) —> S. =+1- A% sin direct of

A(utd) =V V, (PC P )+Vubvud (Tuga + Py — P )=

vV *
=ar ud " ub
_Vubvud Tuud |:1+ (Pu P )+ (Vcbvcd /Vubvud )(_P{/‘j, & ¢3 g(VCchb J
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How to extract ¢,, 6 and |P/T|?

d,.¢¢ depends on 3, ¢35, ¢, and |P/T|

n= &; + ¢, + O3 = &,.r¢ depends on 5, ¢, &, and |P/T|

¢,. well measured

penguin amplitudes B » K*n- and B - =n*n~ are equal
- 1imits on |P/T| (~0.3);

considering the full interval of & values one can
obtain interval of ¢, values;

1sospin relations can be used to constrain §
(or better to say ¢, - ¢rure) ]
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Extracting d,: isospin relations

= 0 TCTC

e .-

T _—
C C u n+ Q llj )
BO n_ BO t ...... < - BO W+ ’oo( ~
d d d u T d d 7'[0
d
3
T ~ Vub*Vud ~ A P ~ th*th ~ 7»3 Te ~ Vub*vud

No pengiun!

Constraint: relation of decay
amplitudes 1n the SU(2) symmetry
A0 = 1/y2 A+ + AOO
A0 = 1/y2 At~ + A0O
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