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Interference between decay with/without mixing
gives rise to CP-violating phase difference:

¢s = arg ()‘) = oM — 2¢czs
= —20; + A¢NP
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Recorded Luminosity (1/fb)
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CP violation in Bs = J/\: ingredients

® For CP eigenstate f with eigenvalue Ny, define
[(B,— f) =T (B - f)

F(FS%f)%—F(BQ%f)

Acp = = 1)y sin ¢, sin(Amsst)

® Am;is the BB mixing frequency

= see talk Julian Wishahi (previous session)



CP violation in Bs = J/\: ingredients

® For CP eigenstate f with eigenvalue Ny, define
[(B,— f) =T (B - f)
[ (B~ f)+T (B~ f)

Acp = = 1)y sin ¢, sin(Amsst)

® Am;is the BB mixing frequency

= see talk Julian Wishahi (previous session)

® B;—/P:admixture of CP even/odd— angular analysis to disentangle
® Need flavour tagging -- which has a non-zero mistag probability'w

® Decay time measurement has finite resolution{O¢

Acp ~ (1 —2w)e s Am; Jtn sin ¢ sin( Amyt)



CP violation in Bs = J/\: ingredients

PS — VV : 3 polarization amplitudes

® Describe in transversity basis
o [=0,2:A0A (CP even)
o |=|:A (CP odd)

K*K- S-wave (CP odd)

Transversity angles

Q={6,¢,y}

d*T(BY — J/pK+K™)
i S AOING

4 Amplitudes — |0 combinations:




CP violation in Bs = J/\: ingredients

4 Amplitudes = |0 components

d*T(B® — J/YK+TK~

dtds)

Do S (@)t

hi(t) = Npe '+t [ak cosh (%AFSt) -+ bg sinh (%AFst) + ¢ cos(Amgt) + dy, sin(Amst)]

k [0, ) N a b " 0
1|2cos?¢ (11— sin? 6 cos? ) | Ao (0)]? 1 D C —S

2 | sin®4 (1 —sin®fsin® ¢) | |A||(O)|2 1 D C —-S

3 sin? 4 sin? 0 |AL(0) 1 —-D C S

4 —sin2¢sin2esinq§ |A||(0)AJ_(O)| CSil’l((SJ_ —5||) SCOS((SJ_ —5”) Sin<5J_ —5||) DCOS(5J_ —5||)
5| Lv/2sin2ysin? 0sin 2¢ |A0(0)A(0)| | cos(d) — do) D cos(d) — do) C —S cos(8) — do)
6 %\/isin 21 sin 26 cos ¢ |A0(0)A1 (0)] | Csin(dL — o) Scos(d, — o) sin(d; — o) D cos(6, — do)
7 21 — sin? f cos? ¢) |As(0)]? 1 —D C S

8 %\/ESin¢Sin2 0 sin 2¢ | As (0)A|| (0)] CCOS(5|| — Js) Ssin(5|| —Js) COS(5|| —J3) D Sin((SH —J3)
9 %\/gsin@bsin 20 cos ¢ | As(0)A L (0)] sin(d — Js) —Dsin(6 — dg) C Ssin(éd; — dg)
10 % 3cosy(l — sin® 0 cos? ) |As (O)AO (0)| C COS(50 — 53) S Sin(50 — 53) COS(50 — 53) D sin(50 — 55)

50 _
o LB J/WKTKT) .y A A, — —db, —AL,—A,s which results in cx, dy — —cp, —dy,

dtdS2

o _ ~23()

EENRE

Assumptions:

—OR(N)

BETENE

1) all four amplitudes have the same A

C

1 —[A]7

1+ |A]?



CP violation in Bs = J/\: ingredients

10
d*T' (B —» J/YK+TK~
® 4 Amplitudes = 10 components (B, [V ) X Z fe(Q)hg(t)
dtd)
k=1

hi(t) = Npe '+t [ak cosh (%AFSt) -+ bg sinh (%AFst) + ¢ cos(Amgt) + dy, sin(Amst)]
k fx (0,1, @) Ng ag by Ck dp,
1| 2cos? (1 — sin? 6 cos? qb) | Ao(0) |2 1 D C -5
2 | sin*v (1 — sin? f sin? gb) ' |A||(O)|2 1 D C -5
3 sin? ¢ sin® 6 AL (0)|2 1 —D C S
4 —sin2¢sin2ﬁsin(b |A||(0)AJ_(O)| CSil’l((SJ_ —5||) SCOS((SJ_ —5”) Sin<5J_ —5”) DCOS(5J_ —5||)
5| Lv/2sin2ysin? 0sin 2¢ |A0(0)A(0)| | cos(d) — do) D cos(6); — do) C —S cos(d) — do)
6 1/ sin 24) sin 26 cos ¢ |Apg(0)A, (0)] | Csin(édL — o) Scos(6; —dp) | sin(dy —dg) | Dcos(d, — do)
7 21 — sin? f cos? ¢) |As(0)]? 1 —D C S
8| 1y/6sinesin? Osin2¢ |As(0)A(0)] | Ccos(d —6s) | Ssin(d) —ds) | cos(d) —ds) | Dsin(§) — Js)
9 %\/gsin@bsin 20 cos ¢ |As(0)AL(0)] sin(dL — ds) —Dsin(61 — ds) C Ssin(dL — ds)
10 % 3cos (1 — sin? f cos? ¢) |As(0)A0(0)| | Ccos(do — ds) S'sin(do — Js) cos(do — ds) Dsin(do — ds)

o 115 _;t‘éng K)o g, AL, Ay — —s,—AL, —A, which results in ¢, dy, — —ci, —dy

—23(A) .
S—l_l_‘)\’QN—qubs D —

1—|)\|?
1+ |A]?

X — COS Qg C

Assumptions:
1) all four amplitudes have the same A

2) |\ |=I



CP violation in Bs = J/\: ingredients

® 4 Amplitudes = 10 components

d*T(B® — J/YK+TK~

dtds)

Do S (@)t

hi(t) = Npe '+t [ak cosh (%AFst) -+ bg sinh (%AFst) + ¢ cos(Amgt) + dy, sin(Amst)]

k fil0,, ) Ny ai b - d
1|2cos?¢ (11— sin? 6 cos? ) | Ao (0)]? 1 D C —S

2 | sin®4 (1 —sin®fsin® ¢) | |A||(O)|2 1 D C —-S

3 sin? 4 sin? 0 |AL(0) 1 —-D C S
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50 _
o LB J/WKTKT) .y A A, — —db, —AL,—A,s which results in cx, dy — —cp, —dy,

dtdS2

—oG(\)

g —
1+ |A|?

2 — sin @

Assumptions:

1) all four amplitudes have the same A

2) |\ |=I

C

Il L

1+ |A]?

~ 0

Note: at this point, there exists a two-fold discrete ambiguity:

(¢S,AFS,5H,5J_) < (7‘(‘ — ¢8,—AF8,27T — 5”,7'(' — 5J_)



CP violation in Bs = J/\: ingredients

® Signal PDF: flavour tagged, time dependent, angular dependent:

S(t,3: X) = e(t,0) x (1+qD (t, 5 X) + =225t G A)) Q R,
time & angular
acceptance

flavour tagging time resolution

X — (FsaArsa Amsa ¢S7 |AO‘27 ‘AJ_‘275||76J_7F57 55)

Aol® + A2 + 1AL =1

|Ag|? _As)?

Fo = —
ST AR AP+ AL+ [As]2 T 1+ ]Ag]?




2.

LHCDb: Bs—)/P - Angular Acceptance

Determine from MC simulation
Max deviation from uniform: 5%
Due to

acceptance of detector: 10 < 0 <400 mrad

implicit momentum cuts in reconstruction

Verified using momentum distributions of final

state particles

® re-weight MC to match data to estimate

2.

3.

systematic uncertainty
Implemented using
‘Moments’ of the angular functions

3D parameterization using orthogonal
polynomials

3D histogram

I+

I+

I+

>

Epro]ected(COSLp)

Eprojected(cose)

Eprojected((p)

:IlllllI|III|IIIIIII|III|III|III|IIIIII
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cosPp
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LHCDb: Bs— /P - Decay Time Resolution

» —
o 10'F JIY background
. 8 - LHCb Preliminary
Measure using prompt J/\P background & 103l \s=7Tev
c —
S F
® isolated using s-weights®) D g2 _
Verify on MC that this background is 10 |
representative for the signal s
Ero
Effective resolution: 0.~ (45 %+ 2 ) fs s i
107 = /
Dilution®™®* for Ams=17.7 ps": A AN
<Dres>eff = 0.728 £ 0.019 1.5 -1 0.5 0 0.5 1 1.5

decay time (ps)

(*) M. Pivk and F. Le Diberder, “sPlot: a statistical tool to unfold data distributions”, NIM
Ab555 (2005) 356-369.

(**) H. G. Moser and A. Roussarie, “Mathematical methods for BO anti-B0 oscillation analyses,” 9
Nucl. Instrum. Meth. A 384 (1997) 491.



LHCDb: Bs— /Y@ -

Opposite side only for now

Combine 4 observables into an
estimated wrong tag probability Nc:

|.  high-p: muons

Flavour Tagging

J/yp

K+

Same side
"'""'-a...‘_,__primary vertex L .
2. high-p; electrons proton - signal B <P
Opposite side vertex-charge tagger

3. high-p: kaons

4. opposite side vertex charge

opposite B . from inclusive vertexing

opposite kaon
tagger (K-)

lepton taggers
(e, p) from b-quark



LHCDb: Bs—)/P - Flavour Tagging

Opposite side only for now

Combine 4 observables into an
estimated wrong tag probability Ne:

|.  high-p: muons

2. high-p; electrons

3. high-p: kaons

4. opposite side vertex charge
Calibrate on B*— J/YK* data

Tagging power €D? = (2.29 £ 0.27)%

measured mistag rate w

Events / 0.006

0.6

E LHCb preliminary
Bt— J/pK*

w = po + p1(Ne— <1ec >) ]

Do

1 P21

0.392 £0.002 £ 0.009 | 1.035 % 0.021 = 0.012

0.391

300 — LHCb preliminary _
250 — BS_’ J/q)(P i —

estimated mistag rate Nc



Bs—|/W: fit projections
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Bs — J/ Ll)(P Ars VS. Dg Standard Model

(eg. Charles e.a. PRD84(2011)033005)

e Al,=0.116 %0018 (stat) £ 0.006 (sys) ps' 2

RARN LAAN AL ALY LAY LAY LAY = —  0.2——— |
N - 13 '%, -------------- "_w E LHCb Conf. Levels E
o i = Qo 0 18:_ Preliminary — 68%CL o
(: 8§ ) [_:” 0.16;— - === 90% C.L. _;
8. 5 s < 0.14  eeneent [, 95% C.L .
L - —s— Standard Model=
Z ) 0.12E :
O ' ) 0.1 E
Lu) 0.08 -
-0 o = -
5:) - = 0.06 =
—1 0.04F —
pobuboboododboboodod e anl 0.02 E— —E
ST T e 0: 1 A B TR SR | =
-Alog(L) ... 0.4 -0.2 0 0.2 04 .

be [rad] .

. 22— T
Most precise measurement of @ . LHCb .
L Preliminary -
10_— =
® ¢;=-0.001 £0.10I(stat) £ 0.027 (sys) rad - .
N 8_ —
:L B -
® Consistent with SM > F -
=~ 6l —
3 :
Observation of Al's #0 : o -

o s = 0.658 + 0.005 (stat) + 0.007 (sys) ps™' 0



http://arxiv.org/abs/1102.4274
http://arxiv.org/abs/1102.4274

(¢S,AFS,5“,5J_) < (7‘(‘ — gbs,—AFS,QTF — 5||,7T—5J_)

What about the
discrete ambiguity?

10.1103/PhysRevlett.108.241801

® Use known P-wave BW phase
evolution across (1020) to
decide which &, solution is

correct

Og ! (rad)

® asin BaBar’s cos(2p) paper
[Phys. Rev. D 71, 032005 (2005)]
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LHCb-PAPER-2012-005

fo is a scalar with an ss component

Decays predominantly into TTTT-

The region 775 MeV < m(111T) < |550 MeV is
dominated by fo(980), with some f,(1270),
fo(1370) and NR
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LHCb-PAPER-2012-005

® fpis a scalar with an ss component

® Decays predominantly into TTTT-

® The region 775 MeV < m(T11T) < 1550 MeV is
dominated by fo(980), with some f,(1270),
fo(1370) and NR

® CP-odd fraction >0.977 @ 95%CL
= No angular analysis needed!
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LHCb-PAPER-2012-006

fo is a scalar with an ss component

Decays predominantly into TTTT-

The region 775 MeV < m(111T) < |550 MeV is
dominated by fo(980), with some f,(1270),
fo(1370) and NR

CP-odd fraction >0.977 @ 95%CL
= No angular analysis needed!
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LHCb-PAPER-2012-006

Aln(L)

fo is a scalar with an ss component

Decays predominantly into TTTT-

The region 775 MeV < m(111T) < |550 MeV is
dominated by fo(980), with some f,(1270),
fo(1370) and NR

CP-odd fraction >0.977 @ 95%CL
= No angular analysis needed!
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See also: Robert Fleischer in 25 min, Martin Jung in 50 min...



[1] S. Faller, R. Fleischer, and T. Mannel, Precision physics with B — J/¥¢ at the

LHC: the quest for new physics, Phys. Rev. D79 (2009) 014005, arXiv:0810.4248.

But what about penguins!?

c
%
o LIS
Vew u,c,t
b w- Vi ) b
Bs B S
_ 2 s
’ — 5 5 —— . i

AB,;—)J/@ng — chchZT + VubVJSPu + ‘/cb‘/c>|< Pc + V;Eb tZPt

S

See also: Robert Fleischer in 25 min, Martin Jung in 50 min... 15
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But what about penguins!?
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LHCb: B; = |/\p K*O

B(BJ = J/YK™)

B(BY — J/{K*0)

= (3.4310 35 £ 0.50) %.

LHCb ]
L=0.37/fb :

10

Candidates / (6 MeV/c?)
o

—h

5200

K*(892) LHCb

40 K2*(1430)

20

1000 T 1500
M, (MeV/c?)

N
-
Q
a0
=
<
N
™
P
oF
3)
=
>
%
N
>~
<
o0
-
Q
<
S
S

(o)}



LHCb: Bs — |/ K*O
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Summary

Using | fb-!,i.e.21.2k Bs — J/Y phi(KK),
o ds =-0.001 £ 0.101(stat) £ 0.027 (sys) rad
 Al,=0.116 £0.018 (stat) £ 0.006 (sys) ps"'
o s = 0.658 £ 0.005 (stat) + 0.007 (sys) ps™
With 0.37 fb-!, using Bs —}/WKK the two-fold ambiguity is resolved
®  The ‘proper’ solution is the one with Als> 0 and ¢ ~ 0
With | fb!, the resonant structure of Bs—|/\DTTTT has been studied
° 775 MeV < m(1111) < 1550 MeV found to be CP-odd
And this range is subsequently used to measure:
® 5= -0.019 *0173,74 0004 4503 rad
Using 0.37 fb!, measure Br and polarization of Bs— |/ K*(KTT):
Br( Bs— J/P K*(892) ) = (4.4 *°5 44+ 0.8) 105
f  =0.50+0.08 £0.02

fi =0.19 %0104 + 0.02
|As|2 = 0.07 *015 507 within 40 MeV/c? of K*9(892)

On schedule to collect about 2.2 fb-! at 8 TeV in 2012!

LHCb-CONF-2012-002

LHCb-PAPER-2011-028

LHCb-PAPER-2012-005

LHCb-PAPER-2012-006

LHCb-PAPER-2012-014
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Bs — J/W: Numerical Results...

Parameter | Value | Stat. Syst.
[, [ps] ] 0.6580 | 0.0054 | 0.0066 . 1FOSO AOF;S |64§|9 |64§§ ?801
1 S : —0. : : —0.

AT, [ps 1] | 0.116 | 0.018 | 0.006 AL 081 50 1 02| o
|A1(0)] 0.246 | 0.010 | 0.013 A, (0)]2 1.00 | —0.53 | —0.01
[Ag(0)* | 0.523 | 0.007 | 0.024 [Ao(0)]? 1.00 | —0.02

Fs 0.022 | 0.012 | 0.007 s 100
6, [rad] 2.90 0.36 0.07
5 [rad] 2.81, 3.47] 0.13
5s [rad] | 290 | 0.36 | 0.08
s [rad] | -0.001 | 0.101 | 0.027

Source FS AFS Ai A% FS 5” 5J_ 55 qbs

ps—] | [ps] vad) | [rad] | [rad) | [rad

Description of background 0.0010 | 0.004 - 0.002 | 0.005 | 0.04 | 0.04 | 0.06 | 0.011

Angular acceptances 0.0018 | 0.002 | 0.012 | 0.024 | 0.005 | 0.12 | 0.06 | 0.05 | 0.012

t acceptance model 0.0062 | 0.002 | 0.001 | 0.001 - - - - -

z and momentum scale 0.0009 - - - - - - - -

Production asymmetry (£ 10%) | 0.0002 | 0.002 - - . - - - 0.008

CPV mixing & decay (£ 5%) 0.0003 | 0.002 - - . - - - 0.020

Fit bias - 0.001 | 0.003 - 0.001 | 0.02 | 0.02 | 0.01 | 0.005

Quadratic sum 0.0066 | 0.006 | 0.013 | 0.024 | 0.007 | 0.13 | 0.07 | 0.08 | 0.027
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B; — J/QY:internal Ams

-A Log Likelihood
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Bs— /P11 1T

Table 5: Fit fractions (%) of contributing components for the preferred model. For P-
and D-waves A represents the final state helicity. Here p refers to the p(770) meson.

Components 3R+NR 3R+NR+p  3R+NR+fo(1500) 3R+NR+ £, (600)
0(930) 107.1+£35  104.8+39 73.0£5.8 115.2 £5.3
f0(1370) 32.6 4.1 32.3+3.7 114 + 14 34.5 £ 4.0
£0(1500) - - 15.0 + 5.1 -
£0(600) - - - 4.7+25
NR 12.844£2.32  12.2+22 10.7 + 2.1 23.7 + 3.6
£(1270), A=0  0.76+0.25  0.77 £0.25 1.07 +0.37 0.90 £ 0.31
£2(1270), |\l =1 0.33+£1.00  0.26+1.12 1.02 + 0.83 0.61 £ 0.87
p, A =0 - 0.66 + 0.53 - -

p, N =1 - 0.11 £0.78 - -
Sum 153.6 £6.0 151.1+6.0 214.4 + 15.7 179.6 £ 8.0
—InL 58945 58944 58943 58935
¥2/ndf 1415/1343  1418/1341 1416/1341 1409/1341
Probability (%) 8.41 7.05 7.57 9.61

6.1 CP content

The main result in this paper is that CP-odd final states dominate. The f5(1270) helicity
+1 yield is (0.21 £ 0.65)%. As this represents a mixed CP state, the upper limit on the
CP-even fraction due to this state is < 1.3% at 95% confidence level (CL). Adding the
p(770) amplitude and repeating the fit shows that only an insignificant amount of p(770)
can be tolerated; in fact, the isospin violating J/1p(770) final state is limited to < 1.5%
at 95% CL. The sum of f5(1270) helicity 1 and p(770) is limited to < 2.3% at 95% CL.
In the 777~ mass region within 90 MeV of 980 MeV, this limit improves to < 0.6% at

95% CL.



LHCb: B = |/ K*©

Table 1: Summary of the measured BY — J/K*? angular properties and their statistical and

systematic uncertainties.

Parameter name | Ag|? fr T

Value and statistical error 0.077052 | 0.50 £0.08 | 0.1970 0%
Angular acceptance 0.044 0.011 0.016
Background angular model 0.038 0.017 0.013
Assumption ds(Mg,) = constant | 0.026 0.005 0.002
B° contamination 0.036 0.004 0.007
Fit bias — — 0.005
Total systematic error 0.073 0.021 0.022

Table 2: Angular parameters of B — J/¥K*? needed to compute B(B? — J/¢K*?). The
systematic uncertainties from background modelling and the mass PDF are found to be negligible

in this case.

Parameter name | As|? fL fi
Value and statistical error 0.037 £0.010 | 0.569 £ 0.007 | 0.240 £+ 0.009
Angular acceptance 0.044 0.011 0.016
Assumption dg(Mg,) = constant 0.026 0.005 0.002
Total systematic error 0.051 0.012 0.016

Table 3: Parameter values and errors for ggg%:jﬁzg*g;
Parameter Name Value
Hadronization fractions fa/ fs 3.75 + 0.29
Efficiency ratio €0/ € R0 0.97 +£0.01
Angular corrections Apo/Apo 1.01 +0.04
Ratio of K*0 fractions f[(;)o f}?ﬁo 1.09 + 0.08
B signal yields Npo/Npo | (85753 £0.8) x 1072
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