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Overview

e CP Violation:
— Standard model
- BY ~ Jye
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CP Violation in the Standard Model

Quark weak flavor eigenstates related to mass eigenstates by CKM Matrix:

d / Vud Vus Vub d
S = Ved Ves Vep S
b/ Vie Vis Vi b

Wolfenstein parametrization expanded in A = 0.23, up to A>,Vckm =

/ 1-1x2-1)4 ) AX3(p =in) \

-A +2A2A°[1-2(p +in)] 1-2A%2 =221 +4A2) AA?

\ AN [1-(1-2A%)A-p-in)] -AA2+1AA4[1-2(p+in)] 1-1A2A% )
CP violation enters into elements in red. Controlled by one parameter in SM, n
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Unitarity Triangles

... or how to get from one SM parameter to a very rich phenomenology.

BY:  VuVy, + VgV + VgV =0 BY: VsV + VesVa + VsV, =0
S 1 _. I *

\ P cs ¥ b
Via Vo VG Vil £ 0
Vi Vo 7 e | OO B (10

cs Vo E
/ -_
(0,0) (1,0)

» Sides & interior angles can be independently measured
« Goal: to “overconstrain” the triangles
* Hope: that no single choice of CKM parameters will fit all measurements
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Selective Review of CP Violation Measurements

Discovery of CP violation:

e 1964: K -, 2mdecay, asymmetry in K° — KO mixing

Since then, the standard model description has been (too) successful:

1988, 99 K, - 2n°, m'm | Direct CPV in decay NA31, KTeV
2001 B - J/yKY CPV in BY - BY mixing BaBar, Belle
2005, '06 B* - K*p® Direct CPV in decay BaBar, Belle
2004, 05, '07 | BY - K*m Direct CPV in decay | BaBar, Belle, CDF
2007 B* - J/YK™ Direct CPV in decay DZERO

* Success of CKM both from precise determination & agreement, or calculational limitations

“Last hope” for new physics in flavor system: B? decays

e CP violation predicted to be very small in Standard Model
» If measured to be otherwise: unambiguous signal for new physics
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The Neutral BY System

“Mixing” of B2 meson refers to B2 - B oscillation, e.g.:

t Vs
(c, u)
W W~
(c, u)
% Dl
Vis ¢

Schroedinger Eq: 2 Masses, Lifetimes

2 | 1RO 0
at | (B > BY(t)T AT, =2|Ful COS(@)
. Vip Vi M = arg(-M1o/T12) = 4 x 107°
BLu(t)C= p|BICE qIBY0, a/p = oS "
| thVtS

:BSSM - arg(_VtSVtDb/VCSVEb) = 0.02
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CP Violation in BY - J/yg

—t

g
=

S

« J/Yo available as a decay for both B2 and B_g
« CP violation occurs in the interference of mixing and decay
« This is in analogy to the well-studied case of B} — J/yK2

> J/WYK! B¢ > J/ VP

\ i \ .

= sin(23) = sin(23,)
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Measurement

« Measurement:
— CDF Detector
— Data Sample & Selection
— Angular Analysis
— Flavor Tagging
— Likelihood Expression
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CDF Detector, B Physics Focus

Silicon SVXII + Layer00:
— B physics triggers
Muon Detectors . — Proper time resolution

COT drift chamber:

— Momentum resolution
op/p <0.1%

— dE/dx for particle 1D
(selection, tagging)

Time-Of-Flight:
— Particle ID
(selection, tagging)

Endplug \§
Calorimeter

Miniplug

Muon det., EM cal:
— Lepton triggers
— Lepton ID: tagging
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Data Sample and Selection

« Data w/ 1.35fb71(1.7)

 Di-muon trigger CDF Run Il Preliminary, L = 1.35 fb"
N
e Soft precuts followed by neural §
network selection 2 200
Q
. (Q\
NN Trained on: =
. - Q
— Simulated events for signal %
0 . -lc—sl 100
— B¢ mass sidebands for bkg =
O
S
« Selection maximizes S/v/S+B In © N NN
signal peak G DI L Ly DY
5.3 5.35 5.4 5.45
« ~2000 B? - J/yg signal evts Mass(J/p @) (GeVic)
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General Analysis Strategy

Reconstruct decays from stable products:

« BY - JY[utpT]@[KYKT]
« By - J[utp KK ]
« With BY as control sample

Identify BY/B2

* Flavor tagging

Event variables:

e Mass .
* Lifetime ct = mgLyy/pT p - O = =
* P=6r,0r,Un

» Tag decision ¢

Perform maximum likelihood fit:

e Likelihood in m,ct, p, &
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BY - J/@ Angular Analysis

Angular momentum:

* P - VV decay:

- L=0
—L=1
—L=2

Transversity Basis:

3 Angles:
— 6r (J/Y frame)
— @r (J/Y frame)
— Y (@ frame)
e Since J/Y@ is C-odd, parity determines CP
* In Transversity basis, polarization of VV:
— longitudinal (0), transverse and parallel () - CP-even

— transverse and perpendicular (_L) - CP-o0dd
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BY - J/YK" Angular Analysis

Similar Angular Decay:

e P - VV
« Similar phase space available

Control:

» Detector efficiency in p
* Measure |Ag|, |A)], |AL]
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Flavor Tagging

/K > Same side

Opposite side ==,

lepton

2 independent methods of tagging: same and opposite side
Opposite Side Tagger is calibrated using data (high stat B™, Bg)
Same Side Tagger is calibrated on Monte Carlo

Efficiency € = P(tag decision)

Dilution © =1 —2q, g is mistag probability

I k. Maknoul CDE/MIT — Feb 21, 2008 13/32



Opposite Side Flavor Tagging

Soft Lepton Tagger

» |look for semileptonic B decay on OS
 |lepton charge indicates b-flavor
* U, e tagger

Jet Charge Tagger

* |look for jet or secondary vertex on OS
 |et charge indicates b-flavor

Performance

« Efficiency: € =0.96 £ 0.01
e Avg Dilution: © =0.11 + 0.02
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Same Side Flavor Tagging

b Z_ }EO

Fragmentation Track ij _Ymwk”
» Look for Kaon assoc. w/ BY production CE 2
 Use TOF & COT for m— K separation i i
Calib using Monte Carlo i }B
- BY, BY, B* different C; s yeK
e Use PYTHI A simulation ds
Performance b b L 50
» Efficiency: € =0.50 + 0.01 Ci \ K'SROE

Avg Dilution: © =0.27 £ 0.04 Cﬂ 3
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Likelihood for Decay to J/@ @ (1/3)

BOIB_g - J/Y @ differential decay rates depend on 4 event variables:
S

e ct: Proper decay length
p: vector formed by the 3 angles that characterize the decay

&: tag decision (+1 — B2, -1 - B2, 0 - no tag)

... and guite a few parameters describing the physics

Aql, 0 = 0,]|, L: amplitudes for decay to longitudinal, parallel (both CP-
even), or perpendicular (CP-odd) polarizations of J/y, @

Oq. Phases associated with those amplitudes
[,Al': Average lifetime and lifetime difference

1+¢&D
1+[<]

1-¢éD
1+[<]

|:F)B(Ct’ :5) +

P(Ct!ﬁlf) = EP§(Ct!ﬁ)
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Likelihood for Decay to J/p @ (2/3) (KM: WILL CHANGE)

d*P(t, p)

qtd5 x |Ao|*Ty f1(p) + |4y |* ‘Lfo{;:r 1lme dependence terms

+ AL fs(P) + ApllAL |”+f1 Pr angular dependence terms
+ |"1.|_|||’1|||1.H'-{:‘5ﬂ }T-Fj-*{}”

+ |Ao||AL| Vs felp). @thﬁ depend@

— o1t o [{n-«h [2) —-—,lﬂh{lffﬂ}
’ - terms with Am_ dependence

" due to initial state flavor tagging

Uy = +e~Tt x [bﬂl[r}J_ —0)|) cos (Amgt) “

— cos(d) — -:in} \sin( Am.t)
+ cos(8. — ) sinh(ATt/2)] sltong’ phases.
T i - ) o) = arg{;’i”:ig}
Vi = te x  [sin(dy ) cos(Amt)

23, \sin(Am,t) L 0L = arg(A] Ao)

+ cos(d1 \sin(2/3, fsinh(AT't/2)] .
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Likelihood for Decay to J/@p @ (3/3)

Difficulties arise

 Likelihood exhibits symmetry to following transformation:

— 2Bs - m—=2[3
— Al - =A
— 5” — 27'[—5”
- 5J_ - 7-[_5J_
 When 5 is small, we get effective loss of degrees of freedom

— We see biases in straightforward max. likelihood fit
— The biases are input parameter dependence
— The uncertainties are input parameter dependence

 These problems go away with very large statistics, but not for our sensitivity

» This will motivate later discussion of confidence interval technique
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Example of Fit Difficulties (Tagging Turned Off)

o
= 035 &
D o Standard Model 189
el E- 16 §
r ]
5‘3 0.25 ? 145F
o 129
0.2— .
= 109
= (=)
0.15— 8 &
< T
0.1— 6 &
= =
= X
0.05— (=
= 2 p
: 1 1 I 1 L 1 1 I 1 1 1 [ I 1 L [l L I 1 1 1 1 i L 1 L 1 I 1 1 1 1 I 1 1 1 1 E
02 -15 -1 -0.5 0 0.5 1 15 2 o

« Toy study with Al — 35 generated at SM values
 Plotting result of fit in 2D plane
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Effect of Flavor Tagging on Symmetries, etc

Separate time evolution of mesons produced as B? or Bs. Utility:
Three ways to think of utility of flavor-tagging:

e In short: BY/Bs differential decay rates %’ﬁ(t, p) dependent on S5 differently

 Likelihood: with tagging, gain sensitibity to both |cos(2[35)| and sin(23),
rather than only |cos(2s)| and |sin(2[3s)| (note absolute value)

0.8y
0.6
* Visually: Toy MC study £ 454
comparing 68%, 95% 5
likelihood contours for 0.2
tagged(thick line) -0.0
/untagged(thin line) -0.2f
In Al' — 35 plane 0.4
-0.6)-

08—
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2D confidence Region Method

 Problems arise from Ilimited sensitivity: biases observed in pseudo-
experiments depending on input value of 55

* We use a likelihood ordering suggested by Feldman and Cousins to estimate
a confidence interval

e Calculate a p-value for each point on the Al' — 55 plane

» Verify that we have proper coverage in the confidence region for alternative
true values of the parameters

» Construct a confidence region rather than quote a point estimate
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Systematic Effects

Evaluated for the following

. Bg - J/IYK" decays misreconstructed as BY: 0(3%) contamination

Signal mass model

Lifetime resolution model

Detector angular acceptance

Silicon detector alignement

But all are overwhelmed by the confidence region estimation
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Results

e Results
— Untagged Analysis
— Tagged Analysis
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BJ Results: c¢1, Angular Parameters

CDF Run Il Preliminary L=13f"

10*
= —— data
N — fit
g_ " 1B - JipK?
o 103k Background
S
CT) B
S _
2
.'g)—') 10 §_
@© N
E -
= _
% 10
O
L
1 Fesme o o
sl

Param = Val + Stat + Syst

e CT=456+£6 6 um
Ao|® =0.569 + 0.009 + 0.009
Aj|*=0.211 £ 0.012 + 0.006

5, =-2.97 + 0.08 + 0.03
5, =+2.97 +0.06 + 0.01
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BY Untagged Results: Al', cT

CDF Il Preliminary

L=1.7 fb*

(

Candidates per 25 um
|_\
o

;——.!-—

e Data
— Fit
— Signal

Background
.......... CP-even

0.0 0.1

Illil- K. Makhoul
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Fixing (s to O:
Param = Val + Stat + Syst

e CT=456+13 7 um
« Al =0.0763923 + 0.006 ps™
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BY Untagged Results: Angular Parameters

_, CDF Il Preliminary L=1.7 fb* CDF Il Preliminary L=1.7 fo*
E o E
o » Data —Signal - F e« Data —Signal
5 /008 _me CP-even ®700- —Ft 0 - CP-even
o r - () -
2 600 Background CP-odd 8 cool Background CP-odd
g E @ r
o r Q B
S 5001 + + _g 500k +
2 F + S + +
8 400; % 400
r O r
300 300F
200~ 200
10 0; ......................................... T 100 im
Coor-n) \\\\\\\\\\\\\\\\\ """" O M | \ ....................... 1 -----------
-q..O -0.5 0.0 0.5 1.0 2 0 2
cos(6) (0}

Fixing (s to O:

e |Ao|®=0.531 + 0.020 + 0.007
« |A(|°=0.239 £ 0.029 + 0.011

« |A,|*=0.230 + 0.026 + 0.009

Illil- K. Makhoul
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_, __ CDF Il Preliminary L=1.7 fo*
o 800? » Data —Signal
) 700k —Ft CP-even
>~"F Background  ~~CP-odd
] L
= 600:
= u
B 500F
c E
© u
O 400¢F

300F

2001

100F
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Untagged Results: Al — 5 Confidence Region

H'_I B

wn i : S

0.6 C_onggs/(r)\ce region. ¢ Standard model

Ia I 95% New physics models

Illil- K. Makhoul

(s Floating:

e SM point probability: 22%
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Tagged Results: Likelihood & Al'-35 Confidence Region

Likelihood Profile:

CDF Run Il Preliminary

L =1.35fb*

~ 0.6 — 2Alog(L) = 5.99
%) [ — 2Alog(L) =2.30
£ 0.4 — SM prediction

1
B, (rad)

Confidence Region:

0.6

CDF Run Il Preliminary

. — 68% C.L.
 —— SM prediction

L =1.35fb*

— 95% C.L.

1
B, (rad)

« Assuming SM, we find a probability of a fluctutation as high or higher than
what we see in data to be 15%, corresponding to 1.50

|I|II- K. Makhoul
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Tagged Results: (s with Experimental Constraints

Strong Phases Contrained: Phases & Lifetime (to BY c1):
CDF Run Il Preliminary ‘ L=1.35fb" CDF Run Il Preliminary L=1.35f?
— 0.6:_ — 2Alog(L) = 5.99 — 0.6 — 2alog@)=5.99
8 .~ 2Alog(L) =2.30 ‘N [ — 2Alog(L) = 2.30
~— 04__ —— SM prediction \% 04__ —*— SM prediction
5 5
0.2F _ < 0.2f
N o 0,08 s
-0.21 -0.21
| constrain strong phases BaBar: | constrain T, strong phases:
0.4 e 2Alog(L) = 5.99 0.4 - 2Alog(L) = 5.99
I 2Alog(L) = 2.30 [ 2Alog(L) = 2.30
-0.6[ | | L -0.6 :
1 1 1 I | | | | 1 1 ! L | | | | | | | | | | | EI | | |

1
B, (rad)

e Constrained to BaBar results
in BS — J/yK"
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Results for (5. 1-D Confidence Interval, Constraints

If we seek no info on Al', bounding S35 in 1D: o ——— 2P,

0
* At 68% C.L. we find 235 1 [0.32,2.82]
— =
0 T Zﬁs
Using a theoretical constraint on |IM12]: — — nl 2B
0 5

e 20, (01[0.24,1.36] 0 [1.78,2.90] at 68% C.L.

Adding constraint on 9, 6, from B factories:

e 28 1[0.40,1.20] at 68% C.L.

The latter range is the tightest constraint we
can obtain on (s incorporating all available
Information
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Recent DO Result

KM: Saw Brand New DZero Result Today! Need to incorporate
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Conclusion

Important result in flavor physics:

* First flavor-tagged measurement of CP violating phase in B system

» Allowed region in AI' — 35 plane is greatly reduced by this measurement

CDF Run Il Preliminary L = 1.7 fb] CDF Run |l Preliminary L=1.35b"

] L
& ol Conidence region: 4 siangard modet —~ 06 —o9s%cCL.
s P 95‘?: B New physics models ] T — 68% C.L.

= — 0.4 - SM prediction
= :
0.2F
flavor tagging

» 0.2

-0.4F

-0.61

1
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----------

Additional Slides



Tagged Analysis: Sideband Subtracted Angular Distrib

Illil- K. Makhoul

Events per 0.20

300

N
o
o

100

-0.5 0 0.5
cos(y)
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Tagged Analysis: Sideband Subtracted Angular Distrib

300
—— data
— fit
8 200}
@)
o
o
v
C B °
D ool B
L |
OI | | | | | | | | | | | | | | | | | |
-0.5 0 0.5

cos(9;)
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Tagged Analysis: Sideband Subtracted Angular Distrib

300

200

100 |

Events per 0.63 rad
\
|
|
]
|
|
7

@, (rad)
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Predicted Dilution: OST

Illil- K. Makhoul

700¢
600
5007
400}
300}
200/
1007

CDF Run Il Preliminary L =1.35fb*

|

| — Signal

:%;%- — Background

I

=1
b
- :*:I:i
o-0-0:] , Ihfqi:""-3:3,-'-'-“-3=li:|':zi:'...-qm.-.eo~l.... -p g , |
0.0 0.5 1.0

OST Predicted Dilution
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Predicted Dilution: SST

CDF Run Il Preliminary L=1.35fb"

300¢ |
2501 | .
' | — Signal
200;—.%. — Background
150F
100
50?— + " + :H"ifi:ﬁ- Y
¢4+Pﬁ+'ﬁhﬁﬁﬁﬁﬂ.
R T T T e,
O | . o, o e
0.0 0.5 1.0

SST Predicted Dilution
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Measured vs. Predicted Dilution: B~

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

OST Measured Dilution

Illil- K. Makhoul

CDF Run Il Preliminary L =1.35fb*

B only
Slope =1.09+0.13

Ly

0 02 04 06 08 Lo
OST Predicted Dilution
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Measured vs. Predicted Dilution B*

CDF Run Il Preliminary L =1.35fb*

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

B only
Slope =0.85+0.11

OST Measured Dilution

08 T R TR T N T SR AR SR R
‘0.0 0.2 0.4 0.6 0.8 1.0
OST Predicted Dilution
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Measured vs. Predicted Dilution B + B~

CDF Run Il Preliminary L =1.35fb*

1.0
0.9 Combined B/B

Slope = 0.95 + 0.09

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

OST Measured Dilution

O 8- R R T S R R T N TSR T R S
‘0.0 0.2 0.4 0.6 0.8 1.0
OST Predicted Dilution
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Likelihood Profile w/ Additional Asymmetry

CDF Run Il Preliminary L =1.35 fb*

0.8r
- - —— SM prediction
"y 0.60
2 - +20% dilution asymmetry:
L 0.4 — 2alog(L) =5.99
J - — 2Alog(L) =2.30
0.2 )
-0.Q S
-0.2F
-0.4[-20% dilution asymmetry:
I 2Alog(L) = 5.99 '
-0.6 - 2Alog(L) = 2.30
B 1 1 | 1 1 1 1 | 1 1 1 | | 1 1
0871 0

1
B, (rad)
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