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. CP Violation in Mixing

S B B’

® Asymmetry 1n “wrong charge” muons from decays of
mixed B mesons:

y (B> putX)—T(B—>pu X)
a.
8V T(B— gt X4 T8 =%

Grossman, Nir, Raz, Phys.Rev.Lett.97:151801.2006.
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® Can be extracted multiple ways:

® Time-dependent tagged decays (e.g2. Bs: DO arXiv:0904.3907 [hep-ex])

® Asymmetry in single muon, or same-sign dimuon events
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At the Tevatron

® Proton-antiproton collisions = CP-symmetric!

® Inclusive, untagged analysis has contributions from
both B4 and Bs: use measured production fractions
(CDF) and mixing properties (Amg, Al'):

Al = (0.506 £ 0.043)ad + (0.494 + 0.043) a5,

® [arge Bs contribution!

® In terms of CP-violating mixing phase:

- . i AT ,
a, = — S11 = ———tan g
[ TS AM, T T

® [n the SM:  4%(SM) = (—2.3192) x 104

Lenz, Nierste, JHEP 0706:072.2007
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Strategy

Nt N nt —n
: - : and a =
Nt+ 4+ N nt +n

1.Measure both 4 =

® Both have contributions from Abg, other processes with
prompt muons, as well detector-related backgrounds

2. We determine the detector and reconstruction-related
backgrounds

® With very little input from simulation

3. Determine the fraction of prompt single- and LS di-muons
from mixed B decays

4. Exploit the different signal and (correlated) background
contents of both samples to minimize the uncertainty on Ab
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® Two magnets: central solenoid + muon system toroid

® Bi-weekly polarity changes ensures ~equal datasets with each

® Helps cancel most detector-related asymmetries
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Dataset
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Reference Event Selection

® Single muon selection:

® (Good muon: reconstructed tracks in central tracker and muon
system match well, Inl < 2.2

® 1.5 <pr<25GeV (suppress EWK contributions)
® If pr<4.2 GeV, require p, > 6.4 GeV (get through toroid)

® (Good match to primary vertex: Idzl < 5 mm, axial dca < 3 mm

® Dimuon selection:

® Two like-sign muons satisfying all criteria above
® Match same primary vertex

® M(upw) > 2.8 GeV (suppress muons from same B)
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1.A and a

Nt+t - N

@ A= = (+0.564 + 0.053)%
® 3.7 x 106 like-sign dimuon events
® o= =" = (+0.955+0.003)%

® 1.5 x 107 single muon events

® These have significant background contributions:
distinguish

® Detector/reconstruction backgrounds

® “‘Dilution” due to other sources of “prompt” muons
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2. Detector-Related Backgrounds

avkg = fkax + frax + fpap + (1-foke)O

Abkg — FKAK + FT[AT[ + FpAp + (2'Fbkg)A

(For dimuons, only linear terms in asymmetries are kept)

oix, In, 1p, Fx, Fr, Fp are the contributions of kaons,
pions and protons 1dentified as muons 1n the single and
dimuon samples

*ax, an, ap, Ak, Ar, Ap are their reconstructed charge
asymmetries

ofokg = fx + fn + 1, and Foke = Fx + Fx + Fp

*0 and A are the muon reconstruction charge
asymmetries
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The Importance of Kaons

abkg = Tkak + fran + Hap + (1-fokg)o
Abkg — FKAK T FT[AT[ T FpAp T (2'Fbkg)A
® Dominant contribution 1s kaon term:

® Detector 1s made of matter

® Different interaction cross-section for K+ vs K-

® K-+ has substantially lower cross-section because no equivalent to
K-N—=Yn

= Significant positive asymmetry from K decay in flight & punch-through

® Need to measure 1n data!

® Other asymmetries are ~10x smaller (but measure too!)
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Kaon Asymmetry

® Source of kaons 1n single muon sample?

® Find ¢(1020) — K+K- and K*0 — K+t (with the K identified

as a muon)

subtract.

agree well, combine

Compare K+ and K-and

Results from ¢ and K*

< 0.08
o -1
I D@, 6.1 fb
£ 0.06 =4 ¢
8 -9
2 0.04 &

0.02

00— 10 15 20

P1(K) [GeV]

x 10 2

4.2 GeV <u pr<7GeV

% 6000 | D@, 6.1 fb" (a
> 2/dof = 64/27
2 4000
£
S 2000 p
0. K+—)l,t+ + K'—)l,['
8o 1 1.02  1.04  1.06
M(K'K) [GeV]
Els"“" DO, 6.1 b (b)
/dof = 22/35
& 10000 | © '
g
£
E 50000 ¢
0‘. K+—>},L+- K'—>u_
8.08 1 102 104 106

M(K'K) [GeV]
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Kaon Contribution

® Can measure fk+o, Fx+o

® Extract fx, Fx from

1’7\JT(I(S)
N(K*+ — Kgrt)

f fice

N ( Kg )
N(K*t — Kgmt)

— f|</ fK*

T
x
|
3

® Use simulation to confirm
pion reconstruction € 1s the

same for K*+ and K™ if
K+ /Kg 18 reconstructed

Single muon sample

" x 104 1

) DO, 6.1 fb

= 1500 N

&

Z 1000 0 — TUT

o i

£ 500

= */dof = 81/45
0708 09 1 11 12 13

M(K*1) [GeV]

e x10 1

> (b) * DA, 6.1 fb

= 10000 +

g + M Y

z IR HW m+| b

S RAlA

0.8

0.9 1 1.1 1.2 1.3
MK [GeV]

Dominant systematic!
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Other Background Asymmetries

® a,, ap, Ax and Ap are measured using Ks — st and

A—pTt
aK dx dp
+0.0551+0.001 | +0.0025+0.0010 +0.023+0.028

® These are all determined in “muon” pr bins

® Asymmetries in the dimuon sample are derived taking
into account the slightly different muon pr distributions

4
.. _ /A A
Fr A = E F;LFKG’K
1—()
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Other Background Contributions

® Use ny/nk and np/nk from simulation to derive fx, fp, Fx
and F, from tx and Fx (with a check on nk 1n data to
evaluate uncertainties)

® Also adjust for the probabilities for a 7, p, K to be
reconstructed as a muon (from ¢, Ks, A decays)

— DO Monte Carlo

*I_,_‘ o-n_/ny
- . m-N /nK

N W A

Ratio of multiplicities

5 10 15 20 25
Py [GeV]
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Background Summary

® Putting everything together, the detector &
reconstruction backgrounds are:

(1-foke) fk fr fp
(58.1£1.4)% (15.540.2)% (25.9+1 4)% (0.7+0.2)%
aktx Al apfp
(+0.854 + 0.018)%|(+0.095 % 0.027)%|(+0.012 % 0.022)%
AxFx Anlr ApF,
(+0.828 + 0.035)%|(+0.095 % 0.025)%|(+0.000 = 0.021)%

(Statistical uncertainties only)

Simulation (not used) gives very similar results
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Muon Reconstruction Asymmetry

abkg = Tkak + fran + Hap + (1-fokg)o

Abkg — FKAK + FT[AT[ + FpAp + (2'Fbkg)A

x 10 2
® Use dimuon triggers, 2000 12OV <ppr<70ey
. > D@, 6.1 fb (a)
exploit J/ > 1500 X/dof=62/29
g
. Z 1000
® Measure asymmetry in & 00| et
W + track & dimuon events & W+ + track + |1 + track
92 2.5 3 35 4
M(u'w) [GeV]
0 = (-0.076 +0.028)% > 0. 610 )
) S
A=(-0068+0023)% 2 1000+ x/dor=51/3i y
Z ¢t
5] 0 -
Direct benefit of regular 2 100/ . | P
irect benefit of regular & .j000 , 't L MY

magnet polarity reversal! 2 25 3 35 4
M(u'W) [GeV]
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3. Dilution Factors

A - Apkg = KAby

a - apkg = KAPg

® Multiple processes contribute So—
to the “physics” single- and 7 6> p X

T b— p~ X (nos)

LS dimuon samples in the T b—b— p~ X (osc)
- To b=ac—putX
denominator Tie  H-dE-5 0t i
o Toe b—b—c— putX (osc)
® Only the Oscﬂlatlng term Ts b—céqwithec - p"Xorec—pu X
o a0F 3 T al +,,—
produces an asymmetry Ty n,w,p”,¢(1020), /2, %" = pp

® k, K are determined using

simulation

Ts bbee withe = p" X oré — p~ X
Te ccwithc—oputXorec— pu X

K =0.342 + 0.023

® Decay processes are well- k = 0.041 = 0.003

measured
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Background Check

a - apkg = kADy

a=(+0.955+0.003)%

® a 1s dominated by
background

® Use it as a closure test:

® Do we reproduce the pr
dependence of the
background asymmetry?

® Yes!

k=0.041 £ 0.003
apkg = (+0.917 £ 0.045)%

£ oyl @ ¢ -Asymmetry ¢, D@, 610"
g - Asymmetry a
£ 0.015 l
7 |
< 0.01 .
0.005 [+ @6&-
0 5 10 15.e 20 25
O Py [GeV]
g 0 \0" D@, 6.1 fb"!
Z 0.005 O
0 - _-FT-+-_- ------------------ ; ------------
-0.005 [T ‘
0.01™=== 10 15 20 25
p(1) [GeV]
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4. Reducing the Uncertainty

® Single muon asymmetry completely dominated by
background, and background systematic 1s dominant

® Use a to constrain background asymmetry uncertainty in dimuons

= (A-aa) = (K-ak)Abg + (Abkg - Olabke)

® Choose o to minimize uncertainty on Abg

® o will be close to 1 since the backgrounds are highly correlated

>, 0.006 ~
= —— Total uncertainty D@, 6.1 fb
= -- Statistical uncertainty
Abkg = (+0.815 = 0.070)% £ 0.004| - Systematic uncertainty
=
=
arkg = (+0.917 £ 0.045)% <ooo2| e
Minimum: o = 0.959
0% 0.5 1 1.5
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Result

APy = (- 0.957 + 0.251 (stat) + 0.146 (syst)) %

A% (SM) = (—-2.3702) x 1074

Result 1s ~3.2 0 from SM

Gustaaf Brooijmans
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Notes

® No tagging, so cannot

guarantee it comes from B 0.1

g
® But it very much looks like it! E 0.01
' < 0.005

® Many consistency tests done, '

good agreement seen in Abg 0
® With large variations in A (140%) g %9°

<
= 0.01

4= 7
= £ * 0005
= m 0

| ‘-0.|01| T 0 Ill) | 0.0b1
Ag(test) - Ag(Ref)

R + - Expected asymmetry

D@, 6.1 fb”’

+ | + (a)

+ == s Observed asymmetry
+

for AD =0

10 20 30 40 50
M(up) [GeV]

# | s+ - Expected asymmetry

D@, 6.1 fb”’ (b)
+.

‘ﬂ’ e - Observed asymmetry

| for A" = -0.00957

10 20 30 40 50
M(up) [GeV]
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Consistency with Other Results

..
........

-0.01

EEDO A, L
0.02- " Standard Model
§ B Factory W.A. -
DO B D, p X
-0.03 + Preliminary

Combination
—llllllllllllllllllllll I l

-0.04-0.03-0.02-0.01 0 001

99“’Ll
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Consistency with Other Results

D This measurement has
contributions from B4 and B

ag
Ab = (0.506 + 0.043)a% + (0.494 + 0.043)a, Tm 0.4 631?6 \ L
‘ ® 0.2 S5
» Can take ady from B factories & QW
and extract asq: Textoop .
® asy = (-1.46 +0.75)% 02
g] — . 0 U. (8 A B.s — J/‘l,b(ﬁ
i . ./ (DD,238 b
® as(SM) = (+ 0.0021 + 0.0006)% ' - AT TR W TR T
-3 : -1 0
D as, can then be translated into (ady (WA) = -0.0047 £0.0046) &, [rad

constraints on s, Al
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Conclusions

® We made a new measurement of the like-sign dimuon
asymmetry which 1s significantly different from O

® Under the assumption it 1s due to B-physics, we extract

Abg = (- 0.957 + 0.251 (stat) + 0.146 (syst)) %

® This result 1s consistent with all other measurements of
CP violation in B mixing, but inconsistent with the SM

at 99.8% CL (3.2 o)

® It was obtained using very little input from simulation,
and all tests show excellent consistency
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Muon pr Spectra

Bin Muon pr range (GeV) f:, FL’;
0 1.5 — 2.5 0.0055 0.0442
1 2.5 — 4.2 0.1636 0.2734
2 4.2 — 7.0 0.6087 0.5017
3 7.0 — 10.0 0.1175 0.1238
4 10.0 —25.0 0.0547 0.0569
L 031 pg, 61 m!
oP)

& :
= 0.6 e - dimuon sample
o, & - inclusive muon sample
Z 04
Z
g - —0—
z 0.2
T old T -
0 S 10 15 20 25

pr(W) [GeV]
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Individual Results

® Single muon channel: G,
Ocr
® Aby=(+0.94 + 1.12 (stat) = 2.14 (syst)) % L”/o;/b
: %,
® Dimuon channel: 7 @G/))@/)
Xy ¢
® Aby = (- 0.736 + 0.266 (stat) = 0.305 (syst)) % s
Small k kills single muon
channel sensitivity g Dimuon
(as expected) y Inclusive
| I T
Dominant systematics 002 0 0.02 ]
from fk and Fk Ag
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Systematic Uncertainties
@QOQ OOQ <
5\(\%6 Q\(Q Q\’b'

Source

00 (Aq)(62) d0(A3)(63) do(Ag)(65)

A or a (stat) 0.00066 0.00159 0.00179

fx or Fk (stat) 0.00222 0.00123 0.00140
P(m — u)/P(K — u) 0.00234 0.00038 0.00010
Plp— p)/P(K —pn) 0.00301 0.00044 0.00011
Ak 0.00410 0.00076 0.00061

A 0.00699 0.00086 0.00035

A, 0.00478 0.00054 0.00001

d or A 0.00405 0.00105 0.00077

fr or Fg (syst) 0.02137 0.00300 0.00128
7w, K, p multiplicity 0.00098 0.00025 0.00018
cp or Cy 0.00080 0.00046 0.00068

Total statistical 0.01118 0.00266 0.00251
Total systematic 0.02140 0.00305 0.00146
Total 0.02415 0.00405 0.00290
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Background Summary

A = KAbg + Apkg K =0.342 + 0.023
a = kAbg + apke k=0.041 £ 0.003
A =(+0.564 +0.053)% Apkg = (+0.815 £ 0.070)%
a = (+0.955 +0.003)% abkg = (+0.917 £ 0.045)%
§ s B ety l""” L
:? ;).01 I’i l \.
® Substantial correction 0.005 [T+ &Q,‘o"
S 0 15,2 20 25
® (Cancels out single muon i Of,é Pr(l) [GeV]
asymmetry.... as it should! ¥ g00s| O Sl
0 HiprFsempssasavossass * ------------
-0.005 [T +
L 10 15 20 25
py(W) [GeV]
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Choosing o

® Single muon asymmetry completely dominated by
background

® Use it to constrain background asymmetry uncertainty in dimuons

A’ = (A-aa) = (K-ak)Abg + (Apkg - Oabke)

® Choose o to minimize uncertainty on Abg

= 0.006 =
= —— Total uncertainty D@, 6.1 b
--- Statistical uncertainty
. . . 0.004 | - Systematic unccrtaml)‘/
Minimum: o = 0.959

A, uncertain

0 0.5 1 1.5
o

® [f take o to minimize main uncertainty, i.e. a= ff‘ - e
KAaK

® Geta=0.970
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Consistency Tests

est A: Using only the part of the data sample cor
responding to the first 2.8 fb~1,

Test B: In addition to the reference selections, re
quiring at least three hits in muon wire chamber
layers B or C, and the x? for a fit to a track seg-
ment reconstructed in the muon detector to be less
than 8.

Test C: Since the background muons are produced
by decays of kaons and pions, their track param
eters measured by the central tracker and by the
muon system are different. Therefore, the fraction
of background strongly depends on the y? of the
difference between these two measurements. The
requirement on this x? is changed from 40 to 4 in
this study.

Test D: The maximum value of the transverse im
pact parameter is changed from 0.3 to 0.05 em, and
the requirement on the longitudinal distance be
tween the point of closest approach to the beam
and the associated interaction vertex is changed
from 0.5 to 0.05 e¢m. This test serves also as
a cross-check against the possible contamination
from muons from cosmic rays in the selected sam
ple.

Test E: Using only low-luminosity events with fewer
than three interaction vertices.

Test F: Using only events corresponding to two of
the four possible configurations of the magnets, for
which the solenoid and toroid polarities are identi
cal.

Test G: Changing the requirement on the invariant
mass of the two muons from 2.8 GeV to 12 GeV.

Test H: Using the same muon pr requirement, pr >
4.2 GeV, over the full detector acceptance.

Test |: Requiring the muon pr to be < 7.0 GeV.

Test J: Requiring the azimuthal angle ¢ of the muon
track to be in the range 0 < ¢ < 4 or 5.7 < ¢ <
27c. This selection excludes muons directed to the
region of poor muon identification efficiency in the
support structure of the detector.

Test K: Requiring the muon 1 to be in the range
In| < 1.6 (this test serves also as a cross-check
against the possible contamination from muons as-
sociated with the beam halo).

Test L: Requiring the muon 17 to be in the range
Inl <1.20r 1.6 < |n| < 2.2.

Test M: Requiring the muon 7 to be in the range
In| < 0.7Tor 1.2 < || < 2.2.

Test N: Requiring the muon 1 to be in the range
0.7 < |n] < 2.2.
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o Test O: Using like-sign dimuon events passing at
least one single muon trigger, while ignoring the
requirement of a dimuon trigger for these events.

e Test P: Using like-sign dimuon events passing both
single muon and dimuon triggers.
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K+ — Kgm

7.0 < pr < 10.0 GeV 10 2
> 15000 = > X 1
2 DD, 6.1 b (a) S ool @ _ D@, 6.1 b
/dof = 60/40 =
% 10000 ¥ /do =S J_._ ¥ /dof = 54/49
g Z 2000
= &
3 E 1000
004 045 05 055 06 0 —o8 09 1 11 12 13
- M(n'm) [GeV] M(K¢") [GeV]
> 1 > a1
> 300 32%0?1:?9/48 " = & o
= | = 1000
g 200 =
() C—
£ 100 S Ofp 14T
= ] g +
E oo IR
04 045 05 055 06 08 09 1 11 12 i3
M(1'T) [GeV] M(K") [GeV]
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Entries/10 MeV

1500

1000

S00

DO MC ¢
o o0 X
v o
O %o
g 5]
o® .....
.n'.. oo
.00".. “.'."'Ooo,'.

0.8 0.9 1 11 12 1.3
M) [GeV]
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Kaon and Proton Asymmetry

2
X 10 The difference of the K7 and K 7
% 3000 (a) D@, 6.1 fb™
> : x/dof = 71/52
= 2000
S
—
£ 1000
=
0708 09 1 11 12 13
M(K*T) [GeV]
= (b) DO, 6.1 b’
> 10000
= ]
g TH S U1
it A bt
: T T,
~.10000 5

1 1.1 12 13
M(K'1) [GeV]

Entries/2 MeV

Entries/2 MeV

4.2 < pr < 70 GeV

(a) D@, 6.1 b
20000 //\\"ﬁff =33/19
o. ..’..“”“c
10000 °
r.
08 1.1 112 114 116 1.1
M(p'n) [GeV
€00 (pm)| 1]
(b) D@, 6.1 fb
400 + 2/dof 53/#4
200 + + =+
0 + +
o BRRBU T
1.08 1.1 112 114 1.16 1.1

M(p'm) [GeV]
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