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This lecture

Direct CP violation

Searching for New Physics
— Alternate measurements of angles: AS
— Sides of the Unitarity Triangle: Over-constraining the SM

(p,n)

Y, Vi Vi

Vud \/vub o Vcd V:b
Vcd VT)

CPT Tests

B—VV decays (and related channels)
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CP violation: Direct CP violation \._@_Sf

c

* Recap from Lecture 1: —

— Number counting exercise: Acp = = -

— Requires at least two amplitudes to interfere.
— Amplitudes have to have different weak and strong phases.

Acp o< ajassin(¢; — ¢9)sin(d; — 02)

B+
A,
— We are comparing A; with A; \

B- By

— Predictive power will be limited by our knowledge of weak phases and
of the strong phase differences.

« But there are many possible measurements that we can compare!

f
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CP violation: Direct CP violation WO

. BO —> Ki7T$: Tree and gluonic penguin contributions

u
K+, ot W
W =, 5 5 §, 5 K+ .TL'+
— _ U ’
b . . u
BO g
BO T ] -
d ~ d d - d 7
« Compute time integrated asymmetry
1 _ NB'-»K n")=—N(B'—K"n")
T T N(B'SK-—nt)+NB'>K+n)
- a Kt b K7

AKi F o —0.097£0.012 50 F 1856452 K 1*

V4

» Experimental results from Belle, BaBar, and CDF
have significant weight in the world average of this
CP violation parameter.

2241157 K'n~

&)

o

[s=]
IIIIIIIIII

’

* Direct CP violation present in B decays. [Belle K analysis

]
1 1 1 1 I 1 I.f.l.
5.2 5.25 5.2 5.25
My, (GeV/c?)

« Unknown strong phase differences between
amplitudes, means we can’t use this to measure
weak phases!
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CP violation: Direct CP violation WO

- B" > K*z?Color suppressed tree and gluonic penguin contributions

B+

- L_Jr u:
b 4 _
u _ u,
W b
S K+ = W

| —
u

u

d

@l q|

.-TU
K+

u > u

* Many theory calculations indicate that AK;; 2 AKUTO.
* Experimentally measure:

A, =0.050+0.025

¢ K0

d K70

N Belle Kr analysis
T T B T MJ
5.2 5.25 5.2 5.25
M (GeV/c?)
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» Difference between B* and B? asymmetries:

AAK?Z' — 0147 i 0028 (>5c from zero)

» Difference could be an indication of new physics,
however:
* Theory calculations assume that only T+P
contribute to K*n-, and C+P contribute to K*r®.

* The C contribution is larger than originally
expected in K*rO,

6

For example, see G. Hou arXiv:0808.1932 and references therein.



Direct CP violation searches XY
CP Asymmetry in Charmless B Decays
N —-N +04 . ceo HFAG ;a/
Acp = YN | — erean July 2008 < & i
—e— New Avg. _{’:Q
Acp = e Fan / ‘ I

=no CP violation

* Observed 0.0

signal of

direct CP ‘
violation in h
Yf:\

B meson
decay

-0.4

&

* This is a small sub-set of decays where we have searched for direct

CP violation.

« 2 observed signals (> 5c¢): K*n— and n*n~; five possible effects

(> 35): pK*, NK'®, p*n- DMK, and DOpK.
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CP violation: Searching for new physics \e__@_sf

- sin2p has been measured to O(1°) accuracy in b — CCS decays.

« Can use this to search for signs of New Physics (NP) if:
— ldentify a rare decay sensitive to sin23 (loop dominated process).
— Measure S precisely in that mode (S.¢).
— Control the theoretical uncertainty on the Standard Model ‘pollution’ (ASgy).

- Compute ASnp = Sepf — Seas — ASsm

* In the presence of NP: AS ;=0 - Unknown heavy particles can

introduce new amplitudes that
can affect physical observables of
loop dominated processes.

'
S; ¢, n, (KK)CP * Observables that might be affected
include branching fractions, CP
asymmetries, forward backward

g
d\c\ S K 0 asymmetries ... and so on.
d S

. * A successful search requires that
* Many tests have been performed in: we understand Standard Model

— B—d processes. contributions well!

— B-—>s processes.

BO
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SM uncertainties on AS \Q

« To find NP we need to understand the SM contributions to a
pProcess.

— Leading order term is expected to be the same as a SM weak phase.

— Higher order terms including re-scattering, suppressed amplitudes, final
state radiation and so on can modify our expectations

2 2
Not including LD amplitude

fo(980) K"

- Some channels are better
understood than others.

* Sign of AS correction is
mode dependent.

* Most precise AS correction
is for BO—n'K°, where
ASiheory ~ 1£0.01.

* Concentrate efforts on well
understood channels.

B QCDF Beneke, PLB620, 143 (2005) Theory uncertainty on A S

SCET/QCDF, Williamson and Zupan, PRD74, 014003 (2006)
[l QCDF Cheng, Chua and Soni, PRD72, 014006 (2005) 9
Il SU(3) Gronau, Rosner and Zupan, PRD74, 093003 (2006) Adrian Bevan



B—n’K° QY|

* Loop dominated b—s decay. - Possible to measure S and C for both
B » 7'K; (CP odd)

B° > 'K (CPeven)

* These asymmetries can be compared
with the Charmonium reference
measurement to calculate AS.

S . =0.60+0.07 =

n

C. .=-0.04%£0.05

|
AS  ,=0.07+0.07,,£0.01

n'K° theory

» CP violation has been established in this decay
channel by the B factories.

* Need at least 50 ab™' of data to do a precision search for ~ -7.5 -5 -25 0 25 5 7.5
NP at the level of current theoretical uncertainties. -G;At(ps)
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B —J/hyr! WO

- Tree and penguin contributions: can be sensitive to NP.

« Alternatively, can be used to constrain SM uncertainties in the
Charmonlum B measurement. M- Ciuchini, M. Pierini, L. Silvestrini, 95, 221804 (2005).

b ®Jiy e, *CPevenfinal state:
© e v Tree
0 w+ /’/ égf.x-hh'*-,_x_ S 0 T _SCES
B <\ b (C S “‘*-x__E Jlyr
“““\_\d , w . Ggt o d . « CP violation observed in this
0 B, - a” decay.
d r d
S =—-0.93+0.15
2 sof- 0 I LU
£ i Jlyrn
~ 30—
g oC C. ,=-010+£0.13
m J /V/ﬂ
& 50—
3 40—
E 30—
g 20—
5 10 _
‘o AS,, .=023+0.15,,
E o ——
i . - Require a dataset of ~220ab™" to
BaBar J/yn® analysis . . .
b6 4 2 0o 2 4 6 3 make a 1% AS measurement in this

channel.
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i b
Overview of AS measurements WO

*  Comparing sin2p in different physical
processes, we see good agreement with the |
b—ccs reference point. b ces  (reference point) 5
K - |7
*  Most of the b—s penguin channels have | |
Sin2B¢ < sin2p.  FoKs —
; - o
— Could this be an indication of NP? K'KKs | 3,
Insufficient statistics to tell. i 0 ©
— Need to perform a mode-by-mode precision o E_
measurement in order to properly decouple L Ks — _3
Standard Model uncertainties from possible 3
signals of NP. L KsKsKs — §
s 2
«  We need at least 50ab-" to start performing o Ks : @
measurements that will have comparable K .
experimental and theoretical uncertainties in | "%
b—s penguin processes. | K
«  Need ~220ab" to do the same for b—d.  Jhyn’ —
i i o
DD — {
*  Can start to do the same with oo and y once , o
we have a precision measurement from one ' D'D’ . - A
mode. ’ ’ -
| I O | L1 1 1 | I I | | [ 1 | [ |
-1 -0.5 0 0.5 1

sin2[?>eff=sin2q)‘1’"ff
August 2008 Adrian Bevan



Summary of CP violation signals found \e_@_sf

« We have discovered CP violation in the following channels:
o BY — J/WK° (9) -
o B — J/ym® (S)
o B® — (29)KY (S)

o« BY — 1 K0 (5) « Indirect CP violation measurement:

0 0 e — related to a weak phase in the Standard
© B = AT (S) Model.
o B — fO(980)K2 (S) — These modes measure either 3 or a.

e B' = K*K~K° (5)
e B — D*TD*~ (8)

e B s atz— (Sand ) |71 <+ Direct CP violation measurement:
o B K0 (Agp) — related to weak phase differences and

) strong phase differences in the Standard
o BV — ptrt (A, ) Model.

— Can be used to constrain weak phases
using model dependent analysis of
o BT — )°KT (Acp) charmless rare B meson decays.

o BV = K*g+ (A(_‘jp)

B — D{p K (Acp)

e B— DWOK* (Acp) .
« All of our measurements have been consistent with the SM (so far).

August 2008 Adrian Bevan 13
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Sides of the Unitarity Triangle WO

b — UlV * Use theory to relate partial
branching fractions to V, for a
B AN 7Z'|V given region of phase space.

» Several theoretical schemes
available.

B— X,Iv
B — plv

B o wlv

August 2008 Adrian Bevan 15
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Side measurements: V W

|Vl o« B(B— X Iv) in a limited region of phase space.
Reconstruct both B mesons 4

in an event.
— Study the B, to measure V ;.
— Measure B as a function of

2
qlv’ r-nX’ mMISS or EI

and use theory to convert these results into |V ,|.

Can study modes exclusively or inclusively.

Several models available to estimate |V |
— The resulting values of V  have a significant model uncertainty.

16



. s
Exclusively reconstructed b—ulv (XY

t w

T

« If we fully reconstruct * Study B decays to: * Fully reconstruct Bgecq
one B meson in an B 5 717y |
event, then ... . - Extract yields from m?,, <
B > o'y
I P 02 < 8(GeV )
e ... with a single v in B 0+
>y 2 2
the event, we can 8<(q° <16(GeV)
infer P+ and ‘recontruct’ ¥ o1
theev and ‘recontruct B" > p Y qz >16(GeV)2
. BJr - a)|+1/ (reduces form factor dependence)
* Clean signals!
J » Then compute |V ,|.
* Low efficiency!
% a0 = T =
& TU'- [ [ ulv crossfeed & 80 p [ ulv crossteed I
Fully Reconstructed B, decay L g“E_ ZESUL | Othor backgrounds ..g_m"_ 65+12 S Othor backarounds
epton £ 30 20
- & 4
> BO / = :
@ > mf 0
BO AN 15 :

Semi-leptonic b—ulv decay

Use the beam energy to constrain P* to effectively ‘reconstruct’ v
from the missing energy-momentum: my,ss = m, = 0.

August 2008

10f

2 3 4 5

1 2 3 4 5
Missing mass squared (GeV’)

Missing mass squared {Ga\f’)

: 17
Adrian Bevan Belle: See W. Dungel, ICHEP 08 for more details



V. Using g distribution

 Use B—nlv decays

dr'(B—zlv) G

b
R

G~ aa Vel PIT@)F

Z(B° - 7*1v) = (1.34+0.06 +0.05) x10™*

BABARSLtag:B ™" — 1" vx21/1,

182 £0.28 £ 0.13 yj—
BABARB,, tag B - 1" vx2t/t, |
154 £ 041 £0.21

BELLE SLtag:B * — n°1" v x 211, ,
145 +0.26 +0.15 T
BELLEB,  tag B - 1"y x 2141, !

124 +0.23 +£0.06 4
BABARSLtag:B" = ity I

138 0.2 £0.07 ——
BELLESLtag:B "= 1*y :
138 £0.10£0.14 o
BABARB,__tgB = w1ty :

107 £0.27 £0.15 —a—
CLEO untagged: B — 1™ v '
137 £0.15 £ 0.11

BABAR untagged: B — m1*y :
1 46 % 0.07 + 0.08 o
BELLEB, _tagB°— 1"V :
1.12 £ 0.18 £0.05 e
Average: B s 'y :
|34 0,06 + 0.05 M

H—;—.—H

——

Yidot=3.59 (CL= 94 %)

HFAG
oL | , i, | Ljoweros |

Ball-Zwicky q* < 16

334+ 0.12+4+0.55-0.37 e

Light cone sum rules: PRD71, 014015 (2005)
HPQCD q > 16

340 £ 0.20+0.59-0.39
Unquenched LQCD: PRD73, 074502 (2006)
FNALq > 16
3.62+022+0.63-041
Unquenched LQCD: Nucl.Phys.Proc.Suppl. 140, p461 (2005)
APEq*> 16

3.65+ 022+ 1.40-0.65
Quenched LQCD:NPB619, p565 (2000)

—

—

»
¥

HFAG

-2 0 0 2 .
BB ->wl"v)[x10]

0 2 4

IV, | [x107]

o(Vip)exer ~ 5%
o(Vup)rreORY ~ 1110 17%
Experiments have also studied higher

mass meson | v decays
18



V ,: Using M, distribution

background.

High background from c—lv decays.
— Kinematic cuts are used to suppress

Use Operator Product Expansions to A

translate measured branching

fractions to V.

« Measure branching fraction in
different kinematic regions.

Experiment [Accepted region] AB[1074]

CLEO [Ee > 2.1GeV] 3.3+02+0.7
BABAR [E, > 2.0 GeV] s < 3.5 GeV? 4.4+044+04
BABAR [E, > 2.0GeV] 5.7+04+05
BELLE [E, > 1.9GeV] 85+04+1.5
BABAR [Mx < 1.7GeV /c? ¢®> > 8GeV?/c?]  8.14+0.8+0.7
BELLE [Mx < 1.7GeV/c? ¢* > 8GeV?/c?] 7.4+09+13
BELLE [Mx < 1.7GeV/c?,¢* > 8GeV?/c?] 8.4+08+04
BABAR [P, < 0.66 GeV| 9.4+1.0£08
BELLE [Py < 0.66 GeV] 110+ 1.0+ 1.6
BABAR [My < 1.55GeV /c?| 11.7+ 0.9 4+0.7
BELLE [Mx < 1.7GeV /c?] 123+ 1.14+1.2

August 2008

L B — X_v background |
08 | - .
— / \/ All ]
E 0.6:— \ -
Al / D*
%% 04 — / }‘/ D _
02| / ‘/\ D**
[/ ./\ X
0.0 e -i_::—_“.._u._J
0.0 2.0 3.0

Electron Momentum (GeV/c)

HFAG Ave. (BLNP)
308 £0.14+0.32-0.27
HFAG Ave. (DGE)
447 +0.16+0.25-0.20
HFAG Ave. (GGOU)
3.94 £0.15+0.20-0.23

——————

———t

bo——

HFAG Ave. (ADER)
378 £0.13 £ 0.24
HFAG Ave. (BLL)
491 £0.24 + 0.38

————t

Enyi Of 2007

BLNP: PRD72, 073006 (2005)
DGE: JHEP 0601:097 (2006)
GGOU: JHEP 0710:058 (2007)
ADFR: arXiv:0711.0860

BLL: PRD64, 113004 (2001)

2 3 4

Adrian Bevan

5
IV, | [x107]
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Sides of the Unitarity Triangle WO

 Use theory to relate partial _b > clv
branching fractions to V, for a
given region of phase space. B — DYy

August 2008 Adrian Bevan 20



Side measurements: V WO

 Use the differential decay rates of B—>D’lv to determine |V_,|:

dI'(B -» D1 v)
dwd cosgd cosé,d y

Am=m,__—m,

Entries / (0.4 MeV/c?)
=
o

T T | T T 1 Q| T 1T 1 | T T

" 1 ]
0.135 0.140 0.145 0.150

BaBar D*ev paper Am [GeWcz]
[0 Signal Signal-like
D** (Am-~peaking) B D
D** (Am-flat) Combinatorial D*?
Correlated B T events

B Uncorrelated

* F is a form factor.

o« F? (a), o) ,6’\/ ’Z) |Vcb |2 « Need theoretical input to

relate the differential rate
measurement to |V_,|.

* Reconstruct B~ — D*O€_17e

D® > Drx
DoK'z
* Measurement is not statistically

limited, so use clean signal mode for
D—Kn decay only.

« Extract signal yield, F(1)|V,| and p from 3D
binned fit to data.

August 2008 Adrian Bevan 21



Side measurements: V WO

 Use the differential decay rates of B—>D’lv to determine |V_,|:

* F is a form factor.

ar(B—>D1v) oC Fz(a), 6,8,, )|V, |2 - Need theoretical input to
dwd cos (9| d cos 6’\/ d Y4 v ¢ relate the differential rate

measurement to |V |.

am=m,.-m.| B(B~ — D7) = (5.56+0.08+0.41)%

FQ |V, |=(35.9+0.6+£1.4)x10°°

Entries / (0.4 MeV/c?)
=
o

T T | T T 1 Q| T 1T 1 | T T

f L 1
0.135 0.140 0.145 0.150
BaBar D*ev paper Am [GeWcz]

O Signal Signal-like |Vcb |= (390 + 0.6+ 2.0) x107°

D** (Am-~peaking) B D

D** (Am-flat) Combinatorial D*? )
Correlated B (T events * Using F(1)=0.919 £0.033 from
B Uncorrelated Hashimoto et al., PRD66 014503 (2002).

August 2008 Adrian Bevan 22



Side measurements: V WO

+ Use the differential decay rates of B—»DIv to determine |V |

* G is a form factor.

dI'(B —» DIv
( ) o« G? (a)) |V |2 - Need theoretical input to
cb . .
dwd cos QI d cos (9\/ d V4 relate the differential rate
measurement to |V_,|.
-Use a sample of fully reconstructed tag B : clj?econs’;]ruct tflle. following D
mesons, then look for the signal. ecay channels:
D° 5 K x* D" > K z'x*
. Improveg packground rejection, at the cost of K~ 7+ 70 K 1 7t 7°
signal efficiency. .
Krz'nxt Kszr”
Fully Reconstructed Bgeo decay Lepton ngz'+7z'_ Kg;z'+7z'o
B / Kez*n n° KK 7"
«—@ ><—2L
B0 S —— Ker® KeK*
Semi-leptonic b—Dlv decay K+ K~ K 07Z.+7Z.+7Z.—
Use the beam energy to constrain P* to effectively ‘reconstruct’ v S
from the missing energy-momentum: my,ss = m, = 0. 7Z'+7Z'_
O 0
Ks Ks

August 2008 Adrian Bevan 23



Events/{0.04 GeV¥c')

Events/[0.04 GeViic")

Side measurements: V

+ Use the differential decay rates of B—»DIv to determine |V |

dI’'(B — DI V)

dwd cosg,d cosé,d y

B

20F

10F

T E

E preliminary I B — D* I» ]
50— C1B—=D"W ]
E I continuum + BB ]

o [ fake lepton ]
40— -
2 1.24<w<1.30 3
30k .

0.5
Missing Mass Squared [GeVic* ]

25-BABAR

20~

L B L DL L
=B —Div
N B — D*Iv
C1B—D*"W 1
I continuum + BB ]
= fake lepton ]

124 <w<1.30 ]

Mlssmg Mass Squared [Ge'u"zfc“]

Events/(0.04 GeViic*)

Events/{0.04 GeViic")

o« G*(0) |V, [

-
=
=

I:I B —>DI

L preliminary B — D*Iv

L B —=D"W 1
80— I continuum + BB ]

C [ fake lepton
S w>1.54 ]
al- _
20F -
o P 1 L L

"BiBAR |

L

0.5 2
I"."Ilssmg Mass Squared [GeV?ic*]

s0Eh T T R T |
- B4BAR 18 - Di ]

F preliminary I B — D*Iv ]
50— B —D"W ]
C I continuum + BB ]

E [ fake lepton b
40— —
F w>1.54 ]
30 0 =
c — Dt~ vy 3
20— —
10 3

05
Missing Mass Squared [GeV?/c*

iy
15

ML

* o is related to g2 of the B meson to the D

August 2008

Adrian Bevan

* G is a form factor.

* Need theoretical input to
relate the differential rate
measurement to |V |.

24



Side measurements: V WO

+ Use the differential decay rates of B—»DIv to determine |V |

dI’'(B — DI V)

dwd cosg,d cosé,d y
~ 50 X|2 —
S [ AV=1
~ [
=5 #8[— DI -
= [— '
T ¥ — D +D)w i
l: |
44 .
2} .
40 .
i Preliminary
36 PR T R T TN SN SN S N SN T ST SO (N SO T ST A SR N

August 2008

0.9 1 1.1 1.2 1.3 1.4 55
P
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* G is a form factor.

o« G? (a)) |VCb |2 - Need theoretical input to

relate the differential rate
measurement to |V_,|.

 Results of a combined fit to D° and D*
modes gives:

G|V, |=(43.0+£1.9+1.4)x10°°
IV, |=(39.8+1.8, +1.3  +0.9.)x10"

stat sys

 Using G(1) from Okamoto et al., NPPS 140
461 (2005) and correcting by 1.007 for QED
effects.

25



‘Vcb‘ ‘E.Q.‘B’

s B — Dlv B—->Dlv
S Ay’ =1 CLEO S e
5 50 3
” i -
= | 2 40 opaL
6 45~ BABAR global fit E: A (excl.)
i i DELPHI
(part. reco.)
] /BABAR glob
40+ AVER:EGE
I 35— ALEPH BABAR D*+
35~ I BELLE HEAG
HFAG
B ICHm iy
30 ! | ! | ! 30 ! | | | | | |
0.5 1 1.5 0 0.5 1 1.5 2
2 2
p p
_ 3 _ -3
G()|V,, |= (42£1.6)x10 F() |V, |=(35.97 £0.53)x10
_ -3 _ -3
IV, |=(39.7+1.4, +09,  )x10 V,, |- (38.7£0.6,,+0.9,., )x10
* Using G(1)=1.074 +0.018+0.016 from » Using F(1)=0.924 +0.012+0.019 from
Okamoto et al., NPPS 140, 461 (2005). Laiho, arXiv:0710.1111 [hep-lat].
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Sides of the Unitarity Triangle

» Use inclusive measurements of
b—dy and b—sy to measure
the ratio |Vl / |Vl

b—>dy
B—> X7

* Able to compare results with Bs
mixing results from the
TeVatron.

(p,1)

0,0) a0

August 2008 Adrian Bevan



B—>X4y

FCNC process (same topology as B—>X.y).
Leading order contribution: electroweak penguin.

sensitive to NP

ey,

B — Xu~ * Challenging analysis
b d S I with large backgrounds
B’ — ntr—q at high m,.
- +._0
BT — wTn _
Bt _. ﬂ_+ﬂ_—?._+ﬁf - Signal suppressed by V.
0 +_—_0_
BD — T T « Extract signal from a 2D
B’ -t ntn A Fit in mgg and AE.
Bt — ntn ntxn0
= T 43 .\ T
S 604, 3 o B — 1
S 0 o
40 2 —
= g M(X)[GeV/7] N ¢ B(x10~ ")
z 20 B _ <MIXN <10 66+26 7.0% 12+05E0.1
S oo T — 1 M (X 1.8 107+47 52% 27+1.2+04
2 8365000 672 8 822 524 536 528 < M(Xa) < 027
AE(Gev) ™ Meg(GeVie?)
<300 : T SO0 : » Convert B(dy) / B(sy) into a measurement of
3 ] 2 T |Vl / |Vl using Ali, Asatrian, and Greub PLB
10200 1 3500 429 87 (1998)
= f S 400~ X,y Si I
- - AqY SI9 :
S100 /fﬁe H\
& ] 2 200-
= g L0
> 0 1 ! Lisomine {]‘:_) 03 I ! ! I Lo i
§ 0305701700 0T 02  © 535 B34 536 528
BaBar dy paper AE(GeV) '“ Mes (GeV/c?)
top: 0.6<m, <1.0GeV/c
28

bottom:1.0 <m, <1.8GeV /c”

Adrian Bevan



B—>X4y

- Exclusive analysis of b—dy recently performed by Belle

L 60f B— p'y Z 30f B — p'y

: | 2 } B(B® — ;')

S ol : w1 ~

2 Ol T 3 * B(B® — K*0v)

820 ! E 107 ] B(B — pv)

G| o o B(B — K*v)

- 48 s Y ' _

S | = 20f B(B — (p,w)y)

s | % | B(B — K*79)

4]

- 210

g | £

5 =

w N

< 0= s 0

=2 60y, o |

2 2 40 Vi |

w 40 % . |

o~ [ L

%I E 20 ts

£ 5

! : X

S ol i |
5.2 51’.:525W 2 -0.5 AE %e\f 0.5
Belle dy paper My (GeVic?) ( )

Mode Yield Significance Efficiency (%) B (1077
Bt — ptsy 458 H13.2 +248 3.3 8.03 £ 0.59 8722+
B® — p™ 75.7 80 el 5.0 14.81 +0.95 78
BO s 17.533+11 2.6 6.58 4+ 0.76 409413
B — p — 5.8 — 121122+ 1.2
B — (p,w)y — 6.2 — 11.4+209
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_ ¢ +0.0045 +0.0014
= 0.0206 —0.0043 —0.0016°

+0.0060 +0.0026
0.0302 —0.0055 —0.0028>»

= 0.0284 4 0.0050 39027

» Converting results to |V 4| / |V, obtain
=0.195'77% (exp) +0.015(th) [Belle]

=0.177+£0.043(exp) £ 0.001(th) [BaBar]

Mainly from neglecting
annihilation topologies.

\

N.B. Errors from
fragmentation etc
included in the quoted
experimental error.
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CPT YaY

« Discrete symmetry conserved in Lorentz invariant local QFT.
— i.e. the SM and popular extensions.

— Expect CPT to be conserved based on prejudice that we have not seen it
violated.

- But we have seen that the same prejudice had to be given up for P, C, and CP
symmetries in Weak decay.

— Possible to construct a theory that violates CPT.

— Don'’t expect to see CPT violation, but we must look for it!

If CPT is conserved particles and antiparticles have:

* The same mass and lifetime.

« Symmetric electric charge.

» Opposite magentic dipole moments (or gyro-magnetic
ratios for point like leptons)
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CPT YaY

« Discrete symmetry conserved in Lorentz invariant local QFT.
— i.e. the SM and popular extensions.

— Expect CPT to be conserved based on prejudice that we have not seen it
violated.

- But we have seen that the same prejudice had to be given up for P, C, and CP
symmetries in Weak decay.

— Possible to construct a theory that violates CPT.

— Don'’t expect to see CPT violation, but we must look for it!

- Experimentally test CPT at the B factories via:
— Measurements of the t* / 1~ lifetime.
— Measuring ‘Z' in B decays (recall mass eigen-states):

Bpu) =pV1T 2B £qV1£2 FO)
ZZ(Mll_MZZ)_lZ(Fll_FZZ)
Am—L AT
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CPT: Using hadronic B decays WO

- Similar selection of events as used for the cCs sin2f3 analysis
— BFlav decays: B’ - DYz (p*,a/),B’ > J /wK®(K® > K*7z")
— CPmodes: B — J/wK® w(2S)K{, 7, K¢
— Charged B control samples:B* — D™°z", J /1w K™ w(2S)K™, 1, K*

CPT CPT
CPToP PP TICP PP 7 T %
izl F | CRI.CPTviolated B
- LG
(1R | e T SR o -la A
, , , E Q9 a
Z — “ — “ ?E O — O # ” D'DEZ_ ..................................... E
'ELUE:_ ................................... %.
C o g
0.04f L.
sen(Re Acp)AT'/T = F -
—0.008 & 0.037(stat.) == 0.018(syst.)[—0.084, 0.068] , 002 s
la/p| = 0F—CP:T-violated
1.029 £ 0.013(stat.) £ 0.011(syst.)[ 1.001,1.057] , W cormprrad O
(ReAcp/|Acp|) Rez = W ik i T N B
0.014 & 0.035(stat.) & 0.034(syst.)[—0.072,0.101] , 004 002 0 002 o004 o006
Imz = la/p|-1

0.038 £ 0.029(stat.) £ 0.025(syst.)[—0.028,0.104] .

— compatible with CPT, CP and T conservation.

33

August 2008 Adrian Bevan ,
BaBar Collaboration, PRD 70, 012007 (2004)



s

CPT: Using di-lepton events W)

» Reconstruct BB pairs where both B mesons decay via b — Xlv
— Sample includes direct b—| events: lepton charge tags the B flavor.

Lepton

Lepton

At =t —t,
= proper time difference
between the decays of
the two B mesons.

— As BY% mesons mix we can have ++, —, and +— charge combinations for

the two leptons: measure N**, N—, and N*-.

LA AT At
e NP S 2 { cosl ~ cos(AmA®) |,
— We can measure two asymmetries: X Tyl eoshi=7—) —eos(Amay)y,
—T|At] .
A ~ P(B"— B") - P(B"— BY) N~ x = 5 ‘E 2{Cosh( AZAJ[) — (:()::;(AmAt)}._
Ar/cp = P(B° — BY%) + P(B" — BY) A p
: . ) _ oAt ATAt ATAt
_ NTT N 1-—|q/p/* NTT o - 5 {(:():-;h( I;At) — 2Rez r-;inh(Al;At)
Nt RN 1+ g/p|t
. . = + cos(AmAt) + 2Imz ;-'.«ill(AmAt)},
P(B° — B%) — P(B° — BY)

L’q 1 1 At — 5] o]

NT7(At>0) - N7 (At <0)
N+=(At > 0) + N*t- (At < 0)
,Imzsin(AmAt) —Rezsinh(2324)

cosh(BAL) L cos(AmAt)

2
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SM -3
/CP 10

Ao cp SENSitive to A" x Re(z)

M. Beneke et al, Phys. Lett. B 576, 173 (2003); M.
Ciuchini et al., JHEP 0308, 031 (2003).
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CPT: Using di-lepton events WO

— 0.04

0.02

-0.02
-0.04

o
O 0.03
-
o 0.02

<L o0.01

-0.01
-0.02
-0.03

lg/p| =1 = (—0.8 £2.7(stat.) £ 1.9(syst.)) x 1073,
Imz = (—13.9+ 7.3(stat.) = 3.2(syst.)) x 1072,
AT x Rez = (=7.143.9(stat.) + 2.0(syst.)) x 1073 ps~1.

o

_l#H'IH
#/
|
r

(a)

|
|

|

o III|IIII|IIII|III

Results are compatible with CPT

N

conservation.

August 2008

Results shown are from BaBar’s di-lepton CPT papers

12 14

A t] (ps)

Can also study variations as a
function of sidereal time.

1d ~0.99727 d

z depends on the 4-momentum of
the B candidate: 3" Aa,,
£ Am _iAL)2
V. A. Kostelecky, Phys. Rev. Lett. 80, 1818 (1998).

sidereal solar

£
]
E

< 0.03F
0.02F +

0.01F

CPT

!

Bl PN P PR I S NI I NP IR
0 2 4 6 8 10 12 141§ 18 20 22 24
Time t (sidereal-hours)

L 0
< C
N -
N C
2 .0.01F
-0.02[-

-0.03

0.04F

- Compatible with z=0 at 2.8c
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B—VV decays

(and related channels)
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Angular analysis WO

*  With sufficient statistics one can perform a full angular analysis:

B — V.V,

0; are the helicity angles: angles between
the 7 momentum and the direction
opposite to that of the B" in the vector
rest frame.

¢ is the angle between the vector meson
decay planes.

» We define the fraction of longitudinally

polarised events as: ,
' | Ho|

L' [Hol? + [He* + [Ho[*

= fr.
where the H,, are helicity amplitudes.
2

d°T
oC H_Y, (6,®)Y, .6,
0050000580 | 20, ¥ o @M (6, @)

(Lsin?g;sin?6,(| H,, [> +|H_, *)+cos?,cos? 6, | H,
oc { +1sin? 6, sin® 6,[cos 20R(H_H,) —sin 20J(H ,H"))]
+4sin 26, sin 26,[cos®R(H ,H, + H_H,) —sin®J(H ,H, - H_H,)]

VT
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Angular analysis WO

« Consider the tree contribution for B—)p*g‘ + Neglecting motion within
N g the mesons only H, is
. llowed.
, d + h=0 2o
Spin 0 P «— . o
Initial state W—I— u S * Relative quark motion in
u the mesons gives rise to
Sg B S the H,; and H_,
— b u _ U h=0 state preferred contributions.
‘ BO P < over h=+1 *H require 1 and 2
Sd d Spectator quark has indefinite spin d Sd (overall J= O) SF;iK-}lipS, respectively.
* In the transversity basis we have three CP eigen-states:
A, =H, \

1 «  With sufficient statistics we can
A=—=(H,+H,) +  CPeven measure S and C for each of these

J2 ) three components.
1 « If f_~1 we just measure S and C for the
A = ﬁ(HH —H.,) CP odd longitudinal polarisation.

« Spin flip’s are helicity suppressed:
2 2

[ szl—%

Ali, Kagan, Kramer, Dunietz et al., Suzuki
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B—VV decays W)

Polarizations of Charmless Decays

* B—>pp decays fit the pattern:

2
, SK7 (1270) HFAG LY
== ¢k July 2008 - mZ
—=— ¢K"
: w0 - f, is large for:
- K* K0 KOO
i — K*0p+
: K*Dpﬂ a)p-i'
wp™ *
:! : dK3H(1430) ¢K20
: S K29(1430) K™
l K*—l—p{]
~ p°p° * f, ~ 0.5 for some penguin
—— CLEO CDF —_—= "’ dominated modes: notably
S — N
] 1 1 1 I

' « What mechanism(s) result in

1 ] ]
0.2 0.4 0.6 0.8 1.0 1.2

the observed behaviour?
Longitudinal Polarization Fraction (fi)
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B %(I) K* BaBar ¢K*? analysis ‘E.-QG‘

> e
* Able to simultaneously measure f, f; % 100 - f K®@892) @ é: w0 ® @ ]
(and f)). T 0 ) 1 2 |
Z K(1430)4 = 00 F ]
parameter oK™ (892) 0I5 (1430) 0= 102 104
J=1 J =2 m, . (GeV)
_ 2 >
By (107%) 9.74+0.54+0.5 75+£09+£04 2 2 o0 ]
fra 0.494 £ 0.034 £ 0.013 090177028 £0.037 2 Z .
3 55 ]
fr 0.212 +£0.032 £ 0.013  0.00272918 4+ 0,031 @ 4 % ]
001 0 0.1 %25 5.7 5.29
AE (GeV) mgg (GeV)
*VV ¢K* has f,~0.5 and f, ~0.2. % 0 . o . :
— Doesn't fit naive picture very well. g q K™(892) (a) g 30+ (b) ¢ 1
< o ]
* VT ¢K* has f,~0.9 and f,~0.0. 5 5
— Fits naive picture. - -
* f, <<fin the SM.
—This ratio could be inverted in the < o
- S S
presence of right handed currents. S S
* Important to study other similar decays! s 0

August 2008 cosf; S/T Kr cosf, SIT Kn



* s
B %Q) K Belle ®K*? analysis E-Q‘B‘

When we don’t have a large signal, it is not possible to do a full
angular analysis.

— Fit for the fraction of longitudinally polarised events (as with the pp «
analvsis from Lecture 1).

d°T 9 5 ) 1 9 .
Tdcos0,dcos 0, =1 fr cos” 6y cos” Hy + 1(1 — fr) sin” 64 sin” 65
E %0 « Signal yield is extracted from a fit to
S mES, AE, my_, and m_in bins of
etnl helicity angle.
‘% 40 ‘
Ezg - I v * Perform a y?2 fit only varying f, to extract
n . . N polarisation information.
52 522 524 526 528
M, (GeV/c) - Signal significance: 3.0 ¢
T ' : RER T ' . ™
Z30r T 50l +0.3 6
: = 2 =(1.8+0.7:53)x10

(=]

0 . - 1 - ) et — | 1
0.74 0.76 0.78 0.8 0.82 08 09 1 1.1 1.2
M,er (GeV/c?) Mg, (GeV/c?)
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* s
B %Q) K Belle ®K*? analysis E-Q‘B‘

When we don’t have a large signal, it is not possible to do a full
angular analysis.

— Fit for the fraction of longitudinally polarised events (as with the pp «
analvsis from Lecture 1).
d°T 9 1 o
Td cos 01 con 92 1 f1 cos 20, cos® Oy + = 4 (1 — fr)sin” A sin 92]

Nu o B T T T T ] o T T T T
> 80 s @ = |®
3 E 3 207 -
G o0 5 10/ —— 3
740 0 e e R S10F -
: == J 7T —1 | .|
220} e 0 Y e "
- N — 0 e
%5 522 524 5|25 5I28 -10 | | | | | | ' |
: e 0 02 04 06 08 1 0.8 -0.44 -0.08 028 0.64 1
Mbc( c ) |c05 Bm| Cos BK'”
b L 40
>30_ >
2 230f +0.18
: > f, =0.56+ 0.26 75
‘;,;,20 20 .
5 =
S 107 £10 ,
y I 0 Of—fﬂ*i__,__ L
074 076 078 0.8 082 0.8 09 1 1.1 1.2
M,er (GeV/c?) Mg, (GeV/c?)
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B— op, ¢¢ L)y

» What do we use for f_ when fitting the

- Rare decays:
— o OZI suppressed.

— ¢p*™ Y Electroweak penguin processes.

« Could be sensitive to new physics.
— Different enhancements for different

scenarios: RPV SUSY/2HDM/MSUGRA

- BR~10°.

* ¢p* could be enhanced by ¢-o mixing

up to O(10-7); what about ¢p°?

Note: € = g(f,); Fit for f ¢ with a known

R=¢/e
So: f off
L = :
R+ fif(1-R)
August 2008 Adrian Bevan

data if there is insufficient signal?

i) Use prejudice from a theory
calculation [OK if they agree].

i) Scan for signal for different f_ and
take the largest upper limit/most

significant result.

Signal Yield

For each value of f, compute the value of Nsig
and its error, as well as the significance of the
result, branching fraction and 90% CL upper
limit.

43
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B— ¢p, 90

* Rare decays:
dd OZl suppressed.
— ¢p*™ Y Electroweak penguin processes.

« Could be sensitive to new physics.

— Different enhancements for different
scenarios: RPV SUSY/2HDM/MSUGRA

- BR~10°.

* ¢p* could be enhanced by ¢-o mixing
up to O(10-7); what about ¢p°?

N Mode Vs Bias (%) [1B:(%) o  B(x1077)  UL(x1077)
209 ¢ —1.57530 —0.440.2 404 [28.7] 243+1.2 0.0 —04753+£0.3 <2.0
3175 ppt 225743 493411 5. [J\] 49.340.6 2.2 15T +9 <30
3949 @p®  3.97%% 408+£04 24.1 (265 493+06 1.0 0.9 5 £0.9 <3.3
ofo 08731 —1.74+05 2 1 0.0 02795 +0.3 <38
fofo —13.673% —1.8+0.5 255 0.0 —1.4707% +1.5 <2.3

* No signal observed.
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Events/2.0 MeV /c?  Events/ 4.0 MeV /c?

Events /2.0 MeV / ¢

o N0 S oo

o

120
100
80
60

~1 0
o0

OOOC‘

20

oo

n

o
®

BaBar ¢¢, ¢p analysis

. E

-0 N

25 5.26 s 5.28 5.29
my (GeV / ¢

S. Bar-Shalom, G. Eilam, and Y. D. Yang, Phys. Rev.
D 67, 014007 (2003).

C. D. Lu et al., Eur. Phys. Jour. C 41, 311 (2005).

M. Beneke, J. Rohrer, and D. Yang, Nucl. Phys. B 774,
64 (2007).

. Du and Z. Xing, Phys. Lett. B 312, 199 (1993).
Deandrea et al., Phys. Lett. B 320, 170 (1994).

Ali et al., Phys. Rev. D 58, 094009 (1998).

. H. Chen et al., Phys. Rev. D 60, 094014 (1999).

/. Zou and Z. Xiao, Phys. Rev. D 72, 094026 (2005).
D. Lu et al., Chin. Phys. Lett. 23, 2684 (2006).

J. Li et al., hep-ph /0607249,

S. Bao, F. S. Su, Y.-L. Wu, and C. Zhuang, Phys. Rev.
D 77, 095004 (2008).
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B—VV decays

- Have searched for a number of rare B—>VV decays.

B(B—VV)
I |
H :K*OK*O
3 | KR HFAG
== o August 2008
=] wK*" —— CLEO
4 —— Belle
== WP —— BABAR
—— s TN —— PDG2006
=— =2 —— New Avg.
i | ww
= | wo
e K*tp=
% K’*0p+
== . g K*OPO
I K*+p0
B
) $"(1680)
F k'
— | ot
T GRT
= ¢k
s 1 ,ODPD
—_ pro”
===
T T T T T T T T T
0.0 25.0

Branching Ratio x 106

ey,

» Many rare penguin processes are suppressed to

B ~ 0(10°9).

* These could be sensitive probes of NP!

* Also searched for B>AV:
*a.p [<61 x1079]
e bt p* [<1.7 x 10°9]

2 : 5
= 5 PO
o Babar b,p analysis ' 3
2 2 =
: o
g =
w1 -
10 —
5 —_
2.25 5.26 5.27 5.28

* Recent theory prediction gave
B(b,*-p*) ~ 15 to 48 x10-

H.-Y. Cheng and K.-C. Yang, arXiv:0805.0329 [hep-ph] (2008).

&

G. Calderon, J. H. Munoz, and C. E. Vera, Phys. Rev. D 76, 094019 (2007).

*We have a lot to learn from VV & AV decays!

Adrian Bevan
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Summary W)

The B-factories have tested the CKM mechanism to an unprecedented
level:

a(;) ~16%, a(ﬁ) ~ 4.7%

CKM works at this level.

— Still not enough CP violation to explain the universal matter-antimatter
asymmetry!

— Is there NP in weak interactions with (s)quarks to make up the shortfall?
CPT has been experimentally tested by the B-factories.

geed more precise searches for new physics and possible deviations from
KM.

Rare B decays to final states with VV and A are not fully understood (from
experimental or theoretical perspectives).

Next generations of B factories will start to build on the knowledge of BaBar
and Belle soon.
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Outlook W)

- BaBar has finished taking data:
— 467 million B pairs recorded at the Y(4S)
— Recorded 30fb-1 at the Y(3S) and 14.5fb-1 at the Y(2S)
— Performed an energy scan above the Y(4S)

* Belle
— Will record 1ab-! at the Y(4S)
— Has data at the Y(1S), Y(5S) and above the Y(5S)
— Will be upgraded to ~103° (SuperKEKB)

e LHC-b
— Should start taking data in September 2008.
* We can look forward to results soon after!

« SuperB

— Could start taking data as early as 2015. Would aim to record 75 ab-!in
the first 6 years of data taking.
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