Lecture 2: CPV 1n B system
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Outline

Reminder CKM matrix

Basic theory CP violation in B system

B, oy, B

Current status of B-factory measurements

Estimate of Hadron Collider experimental reach

Global picture and implications on new physics
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b-decays: CKM matrix

1s related to fraction of b-hadron decays with no charm in
final state
Hard to measure at hadron colliders. Done at CLEO, LEP, B-factories

1s related to (see later)
Hadron colliders are very competitive and

The are related to

Hadron colliders and B-factories complement each other in these difficult
measurements
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CP violation classification

CP transformation flips sign of weak phases and
leaves strong phases unchanged in amplitudes

CP violation in decay
WAB>f) =AB> D)

CP violation in mixing (already discussed)
B N(BB) # N(BB)

CP violation 1n the interference between a decay with
mixing and one without mixing
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CP violation in B decays

» CPYV through interference of
decay amplitudes E

2

(B = F)=A+Ae e
[(B — )= A+ Ae e

2

(B> F)2T(B = F)
for ¢, #0and &, =0
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CP Violation in the B System

» CPV through interference .
between mixing and decay Dlrectly related to CKM angles for
amplitudes single decay amplitude

7o
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Mixing mediated CPV (1)

CPV from interference of unmixed and mixed decays to a
common final state 2 [A(B—2>1)l # |A(B>1)l

Definitions: A =< f|B(0) > |, B(0) >
= 29 A 28,

 Ap A ’

Use again equations of time evolution of B states:

< f|B(t) > ' (cosA;nt — z%%sznA;nt> B(0) 2> f
_ : Amt Ap . Amt) e
< fIB() > = i zﬁgszn > > B(O) > f

| < f|B@) > |2 (JA]2 +1412) + (|A]? = | 4]?) cosAmt + 2| A[*PZmAsinAmt

| < f|B@®) > |2 (JA]2+1412) + (1A = |A]?) cosAmt — 2| A[*PZmAsinAmt|
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Mixing mediated CPV (2)

Acp = asymmetry between two processes

| < fIB>12—|< f|B>|?
| < fIB>|24+]|< f|B > |2

2Tm\ 1 — |\
I P T el .
A 14|22

cosAmt

Phase of V, (V)
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CKM angle B3

Bd:

Select CP eigenstates with no weak phases in decay
W A p = sin(2PB) sin(Amt), Al =1
Pure tree: B; >y K’
/

s \o e
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CKM angle B3

FRELIMINARY

sin(2p)/sin(29,) EEX

Belle : : 065+ 0.04 +0.02
Tevatron experiments: comparable ' '
PLB 492, 259-274 (2000) |

Current results dominated by B-
. EaBar : ; 1. 072+0.04 +0.02
f actorles PRL 94, 161803 (2005) ]

BELLE-CON F-I;ZI 569 : :

ALEPH 5 i : 084 ?E+016
statistics but smaller tagging power oraL 5 32012 4 050

EPJ Cs, 379-248 (1998) ! :

CDF

EXperimental con Siderations : PRD 61, n:u?2|:u3%5 (2000)

Average
HFAG

Very similar to mixing analysis
Very important dilution calibration
[ We measure D sin(2f3)
Expected accuracy from time dependent fit (x; = Am, T,):

2
e(AmUt)z 1 —|— 4£Bd
ng

o(sin(283)) =
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CKM angle [3

e 386x10° BB
pnr: 22 7x10° BB sn.652i0.039i0.020

sin 24 =0.722+0.040£0.023

00 + data
Jhp Kg(mtn ™)

_ O gk,
I 386 M BB

[ JK, X BG, K, detected

_a)

B’ J/yK
" B"—> y(2S)Kq
| B> K
B’> nKq

[ J/¥X BG, other
Il combinatorial BG

I
(]
(==}

—_
(=3
(=
(=)
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=
=

-B° tags

-B° tags

Events/ (0.4 ps)
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CKM angle B3

Pure penguins sensitive to new physics 1n loops

Interesting to compare pure tree with pure penguins

sm(z[s‘*ff)/sm(zq) E BaBar/Belle find Penguin
Wor e el Systematically lower then Tree

-y
 Average H«h SRR ) 8 o cffect ... more statistics
™ 0202009 will tell

Average | L e 0.75+0.24

0.69+0.03

Average ! |

B-¢K’ : K’- K or K, (386x10° BBpairs)
+k, Belle

F B - gKg 1F 87 - gk?

3 o.s+

R e =4 |
] Poor tags | e | | Poor tags

Average j i B 0.31+0.28

Average—H | -0.84+0.71

<
ie

o

Average § t— 0.63+0.30

K'K'K® Average § '151+’114

-
mc:u-u-x-xuuom-x
:

KsKsKs Average | H’T 061£0.23

Raw Asymmetry
Q

-3 -2 - 2 3

-0.5F

Na.l.Vﬁ an. O.50:|: 0.06 5% 25&&;5)25 575 --17?5 5 -2'.5M(is) 25 5 75
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CDF Run 1 result 1s based on:
~ 400 B? = Jhy KO
All available taggers:
M Opposite side: lepton, Jet-charg E 700
M Same side: pion charge correlat

Result:

Sin 2[3 at Tevatron

3384 + 88 B’ J/y K

o]
o
o

ries / 5 MeV

CDF preliminary

asymmetry versus lifetime
precision lifetime sample

Expect o(sin(2p)) =
0.13 for 1 fb!
0.05 for 5 fb'!

Asymmet

| solid: foll likelihood fit
L o ixe

t dashed: full likelihood fit
F ‘ Am, ﬂm‘lting

Vs. lifetime
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14/39

Model independent limits on new physics

M, = M >M+M PN = M>M (1+he'©)
Am = 2IM,,|, arg(M,,) = B

Combined measurement of mixing frequency and
mixing phase provides strong model independent limit
on new physics contributions

| Excluded @ 95% cL.
| Bxcluded @ 68% CL
] Excluded @ 10% CL

Not excluded

shaded areas have exclusion CL< 0.1, 0.68, 0.95

0O 02 04 06 08 1 12 14 16 18 2
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Limits on new physics (2)

Status much less constrained in the case of the Bs

Need to measure the phase P, .... even with a large error!
Feasible only at hadron colliders

1.5 2 2.5

hs
Before CDF result With CDF Bs mixing data
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16/39

Sin 2]3, expectations

0.6
—e— J/psi phi
Use CP asymmetry in 05 Jpsi+Fsi
B PSI+TTT
s WO 2 04 —e— ed2-0.07
80% CP-even g-; 03
[ Reduced asymmetry g | \
® S = 60% sin 2[3 ® 02
Could reach o1 |
~ early LHC-B

o £0.03 | o £0.10
lyr LHC | = 0.lyr LHC

rrr1rrrr |1 rrrr 7T T T T T T T T T T T T T
0.1 0.2 0.3 h 0.4 0.5 0.6 0.7
S
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Sin 2

o=7t-B-y (sin(a) = sin(+Y))
Need decay with weak phase 'y
B, =2 ©'w, ptp-
. but:

serious penguin contamination at
same orderin A =2 S, C#0

Unfolding penguins requires complex
1sospin analysis involving also other
decay modes:

B BR and A, of B2 7Y, BE>n*n?

B Done at B-factories

At the Tevatron can measure both
B,2mn and B;2> K*K" then

assume SU(3) symmetry
Rhodes, July 2006
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Sin 2o at B-factories

JEEEE

B,— ®*m asymmetries at 0.15 errors

Some discrepancy between BaBar and Belle
B,— p*p 1s lucky:
Small penguin contribution and > 95% longitudinal polarization

Added Dalitz analysis of B,— p*

S - Erm WA
<L lie ° NN e Boopr 1 Combined |
@ ; e e 000 B_>
'[ Belle 253 fb* \ L i
05 |- \ on l
; \ ; 0011 L ckmiit
! " no o meas. in fit :
05 " BABAR 211 fb 04 %
yo . 7 B
i \ | 02 B "_.
ar ~2.3% difference between Ly
L Belle a.rld BABAR 0 N':{l::‘lqT-T‘--f'--"‘;i."l_'-i [ L1 i .
A8 L - i e bl 0 20 40 60 80 100 120 140 160 180
WE A 08 o 05 1

o (deg)



B—=>h*h- at Tevatron

Large B,— m*m signals
Can measure A__, S_. with accuracy comparable to B
factories

... 1sospin analysis impossible, but measurement can be
combined to B-factories to add accuracy to asymmetries

Can measure direct CP violation in B,— K*1 decays
Checks B-factories

Can measure also B,— K*K- and the associate
asymmetries

Allows determination of Y under the assumption of SU(3)
symmetry
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B—=>h*h- at Tevatron

Produce both B and B.— ntt, Knt, KK

Mass peaks overlap

Statistical separation achieved with
combination of kinematics and PID

CDFIl preliminary, L =1 fb"
o 1600 r 6200 — P L CDFIl Monte Carlo
o t 400 .
% r €vents z
s 1400 3501
Q - &
N - 300
g 1200(- =
Q L 250/
ﬂ i r
5 1000~ 200
> = -
w = B
800 150|-
i 100 E 1 3 o/"o
oot B° — mm
400 L ““.““.“
i 56 57 5.8
M, [GeV/c?]

2001
_.Llhlllui;_xlluhz |-

80 51 52 53 54 55 56 57 58
M._[GeV/c’]

50% more B,— m+7n— than BaBar
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Direct CP in B,— K™t~

Interference between penguin and
tree diagrams

First observed at B-factories:
ApP3Br = -0.1334 0.030£ 0.009 A_p(B° - Kn)
ACPBe“e =-0.113=+ 0.0224+ 0.008

Current Tevatron result with 360 pb! R CDEbling,. . Babar 2|00fb'1
ACPCDF _ _0058:|: 0039:|: 0007 0ol % \—ﬂSOfbﬂ
@ Small systematics from calibration with JEZ8 M

huge sample of D>Km

CDF (360 pb)

[ Expect resolution at B-factories level
with 1 fb-! already on tape
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(S, A, Sk, Agk) €Xpectations

JEEEE

Expected CP asymmetry resolutions in Bd = ©tw and Bs -2 KK

Can reach resolution at 0.2 level = comparable to B-factories for ntrt

Will measure also Bs asymmetry with comparable resolution

B-factories can’t do it!

Can use to measure 7 CDF Runll Preliminary

CDF Runll Preliminary < B; — KK

I e D? = 5%
c,=50fs
85 fs seen

6 Ap (Dir)

TTTTTTT] TTTTTTTT[]IL
I [ [ |

l]l]

llllllllllllllllll]lll]l Gﬁcp(DlrMI*)|||||||||||||||||||||

JJIJJJJJJIJJI 1
1000 2000 3000 4000 5000 6000 7000 8000 L 1000 2000 3000 4000 5000 6000 7000 aooo
Integrated Luminosity [pb ] Integrated Luminosity [pb ]

Scaling from current yields
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Measuring Yy with B->hh

Interpretation of asymmetries (Fleischer, PLB459, 1999)

Parameterize in terms of U N
W: /Q T

@ CKM phase N}
-

®p
|4 = hadronic Penguin/Tree

Assume SU(3) symmetry

@de® for B2 7w, B,2KK (~ 20%)

M Ad"(nt) = -2 sin' sin + O(d?)

W AYY(KK) =2A%  sin® sin/ + O((A*/d)?)
(1-A2) Penguin

W A™X(KK)=2A2 cos' sin| + O((A*/d)?)
(1-A2)

- AmiX(mt)= sin2(B+)+2: cos'’ X

(cos | sin2(B+))-sin(2B+ )+ O(d?)
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Measuring Yy with B->hh

Can solve for d, 0 and 'y
Worse case when sin 6 ~ 0 assumed

Flt reSUIt When chisquare curve for gamma with theta=0
B y=60°,$=222°6=0
i 3

Fit depends not just on sin gamma

Chisquare

20% SU(3) breaking effects ‘

140 160
Gamma in degrees
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Measurements of 7y

Methods for Y determination at B-factories
GLW, ADS, Dalitz

Recent development at Tevatron and perspectives
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Determining y in B+—D®K®*

Favored (T) Color suppressed (C)
Interference % Ve '
Between tree Vu,,r_c; s b U —
level diagrams U K - | C D
, B | Vi
/4 C O cs _ o
D K

u

Interference if same D°and DOfinal states: A, ,=A,+A,

% GLW method: D°, D° — K+K_,7T+7T__, K% Ko2w, K%
% ADS method: D - K*7~ (suppr.), D® - K*7n~ (fav.)

% GGSZ [Dalitz] method: D% D% — K27 7™
| ' Fos~10.2,0.6
Theoretically clean (no penguins) os~ [ ]

(0.3 for BO— DO n0)
3 parameters 'y, yand 0

— = Oy —
Critical parameter rg = ‘igg:B)Eg
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The GLW Method & observables
Clean but statistically limited: Bf(B~——DK-) x Bf(D? — cp) ~ 10-6

Asymmetry B-/B+ for CP=+1/-1 Ratio of Bf for CP/non CP

B(BT - DIK")+ BB~ - DIK")
B(B+ - DYK*) + B(B~ — D°K~)

B(B~ - DIK™) - B(BT™ - DIK™)

R _
B(B~ — DOK~ Pt

Acpt =

Rcp+ + Rep-
2

:1—1—7“%

Rep.

Weak sensitivity to rg - | v=90°
2 1 0 1 2 z P v TSI

Strong phase ¢ (radians) Strong phase o6 (radians)
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Rp Averages

0 A

Maoriond 2006
PRELIMINARY

ACP Averages E

PRELIMINARY

'+ E:",aBar ,. 035+(113+004
O. | Bele : 0.06 + 0 14+ 0.05
O Average ; 0 22+0.10
'mml_mBaBar - 0. 05+013+004"
E-) Belle - : -o.12¢q.14i0.05
f!:.verage +: 4,09 +0.10
|T BaBar r—k:—' -0.10 i P s
O. | Belle v—ﬂh-—-:- 020+ 0,22 £0.04
© Average —*—1 0 1508
. o “Belle __;_*___. '-013+03@+008“
O Average *—— 0 13 + 0.31
dl_- Iml?:elBar -—*4"—*0 08.+019+008-.
(GN Average —'k;— {}08+<}21
d ® BaBar | »* " —026+{I40+012
(&) % AveragL —= ' .26 + 0.42
L ”
1.4 1.2 -1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

GLW measurements alone do not constraint y/¢,. Information on yand rg

+ BaBar 0.90 +0.12 + 0.04
25 Belie 1.1340.16 + 0.08
,*?warage 0.9840.10
L BaBar 0.86+0.10£0.05
1 |
O | Bele 117+ 0.14 £ 0.14
OB E :
Average 0.93+0.10
+ | BaBar 1.06 +0.26 *213
25 Belie 1.41+40.25 + 0.06
~ Average 1.25+0.19
I ?_-)._-_-_-“E_."_."_._"-_- s _E__:.___ SN 1 L = i
(a Belle e——{ 115+ 0.31 +0.12
&) g
5 Average ke 1.15 + 0.33
o i ——
n-l- BaBar ' H——11.96 + 0.40 £ 0.11
.
Q| Average E L3 1.96 + 0.41
Ju s R L PRy By SRR _ . _ . _ . _.___.___._._]
[
, BaBar . 0.65 +0.26 + 0.08
(a4 .
SRE Avqrage ' 0.65 £ 0.27
} B
-1 0 1 2 3
from combination with other methods.
[




Dalitz Analysis of B-— DKttt ]K-

A.Giri, Y.Grossman,A.Soffer & J.Zupan, Phys.Rev. D68, 054018 (2003)

A, = A(B—D%%) A,=rgeed |A(B—DOK)|
XAp(M2isrM?ksrns ) XAp(M2ksry M2ker)

Get rg 7y 0 from simultaneous
fit of the K.wrrt dalitz plot density of B- and B+ data RERIEHEE
dG( ’ +) o< |AD( ’ )|2+ rB2 |AD( ’ )|2

B'—B* = + 2 1, Re [ Ap(m-,m+)Ap*(m+,m-)el 79 ]
m- <> m+ and -y — +Y

) Some model
Need precise knowledge of uncertainty in the

measurement

Calibrate with large sample of D0
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“Belle” results ¥@,: Dalitz

+14.8

@ 3=53-3 7.7

Poluektov et al/ hep-ex/0604054 (subm. PRD)

Obtain from
tagged DY
(D™ — Dt+)
Continuum
sample

—_ + - =Fi
m.=m(K 1), m.

+13.9o
1%=59.8
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Y summary from B-factories

JEEEE

ETTm - DK GLW + ADS [ WA
FPCP 06 DWK* GGSZ @ Combined ]

Full frequentist treatment on MC basis

rg(DK) = 0.10673:9%

ri (D" K) = 0.10217 557

rSB<DK*):O.176t8%)gg t".— 0 I O I S I
' 20 40 60 80 100 120 140

Y (deg)

CKM fit -

no ymeas. in fit* - == <%

’,
Y

o
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GLW v prospects at Tevatron

Same Y searches possible at Tevatron
No tagging so statistics pays off in full

Work 1n progress:
Show status of GLW analysis
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GLW vy at Tevatron (1)

First step achieved with
360 pb-! BR(B* — D%, K*)

R = =0.065 = 0.007 (stat) == 0.004 (sys)
Measured BR(B* — D%, 7*)

CDF Run Il Preliminary Li“t =360 pb’

Use combination of PID

and kinematics as in ok
B%hh casc - _ B-D"x

combinatorial background

fﬂ'-n"!!_-ih‘.:-----—-—.na-' ————— e — |
525 53 535 54 c?.1'115 55 5.55

D° © mass [GeV/c?
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GLW vy at Tevatron (2)

CDF Run Il Preliminary L, =360 pb”

Next step iterate procedure on
CP D meson decays

B > D — [K K]

For same D K statistics obtain
same resolution as Belle

Yield comparison:

b

Belle SOOfb_l: eXpeCt 361{ DOTC+ Q8 49 "5 5152 53 54 :;SK-H-Sﬁfass%s
CDF 1 fb!: 26k D+
6 fb-l: 150k D+

Tevatron could provide

significant improvement of

measurement of Y with this |
method Mk

98 49 5 545253 54 55 56 57 58
n* 1" " mass [GeV/c]
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Global fits

Can test consistency of all measurements performing
global fits of CKM parameters using all available
measurements

Two major efforts on the market
Il CKM fitter
W UT fitter
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Global fit results

CKM fitter
EPS05+CDF

=
=

3

: |Vub/Vcb|

¢

ol
i sol. w/ cos 2B <0
1 - (excl. at CL >0 95)

= I itter

| EPS05+CDF
1 I 1 1 1 L

-05

1
-t

Excellent consistency with Standard Model!!!

Rhodes, July 2006 F. Bedeschi, INFN-Pisa



Partial measurement comparisons:
angles vs. sides

Look for hints of
discrepancies

sol. w/ cos 28 <0
(excl. at CL>0.95)

sides only:
n=0.342+0.02
p=0.216+0.06

sol. w/ cos 2 <0
(excl. at CL>0.95)

CPV angles only:
n=0.321+0.027
p=0.193£0.57
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Partial measurement comparisons:
loop vs. tree

fitter —

FPCP 06

excluded area has CL>095 |

fitter —

FPCP 06

AN
sol. w/ cos 23 <0 |
(excl. at CL>0.95)

excluded area has CL>0.95 |
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Conclusions

CKM i1s established as the primary source of CP violation
On average the SM describes well all present measurements

New physics in b=> d transitions is highly constrained
b = s transitions have become major new focus
M Tree/penguin discrepancies in sin(2[3)
Improved accuracy required to resolve this
Also o and Y need better resolution
Measurements at hadron colliders can be competitive and
complementary (B,) to B-factories

Very interesting to see evolution with full B-factories and Tevatron statistics
toward the end of the decade

New data from LHC-B with LHC startup could continue and extend
the Tevatron program

Future new facilities like Super B factories could continue the work
started by BaBar and Belle
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