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LHCD

CP violating phase ¢,

* Mixing induced CPV phase of BY: K%\
¢S — ¢M o 2¢D Bg Mixing and decay fCP
 Theoretical uncertainty on ¢; é}gg/—@;

IS mainly due to penguin
contributions A¢g."®:

SM Z,BS 4+ A¢peng

b - ccs

S/

2B, =2 arg( tthb) —0.0365+0.0013 1o

esVeh

[CKMFitter, arXiv:1501.05013]
* New Physics (NP) in mixing box
diagrams can modify ¢.:
b{neas = —20, + Aqﬁfeng 4 SNP
—=We should control A "8

]
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http://arxiv.org/abs/1501.05013

DO 8 b HFAG World average:
¢, = —15 + 35 mrad
0.15¢
o] - -
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- (Alog £L =1.15) Jwb&/ _
2 040 \CMS 20 b’ i Vo&ymm:
- b e ¢s = —10 £ 39 mrad
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<
0.05¢
» NP is not a large effect
oy ATLAS 4.9 b g
0.00k. | | | | | 1 = Need to control SM
~-1.5 -1:0 -0.5 0.0 0.5 1015 effects (penguins).
¢35 [rad]
Mode o(¢pg)[rad] Ref. Exp
BY = J o —0.058 +£ 0.049 +£ 0.006 PRL 114 (2015) 041801 LHCb (3fb— ")
B6 — J/p o —0.030 4+ 0.110 4+ 0.030 CMS-PAC-BPH-13-012 CMS (20 fb_l)
B6 — J/p o +0.120 + 0.250 4 0.050 PRD 90 (2014) 052007 ATLAS (4.9 fb_l)
BY JipmTxT  40.070 & 0.068 & 0.008  PLB 736 (2014) LHCDb (3fb— 1)
B§ — DID7 +0.020 + 0.170 £ 0.020  PRL 113, (2014) 211801 LHCb (3fb—1)

Recent updated ATLAS result (20fb?) : ¢, = —0.075 £ 0.097 + 0.031 rad [arXiv:1507.07527]
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LHCh Motivation

* Penguin contributions can’t be calculated reliably from
QCD

» Experimental tools, decays via b — ccd can be used as
penguin/tree amplitude ratio iIs enhanced.
[arXiv:0809.0842 & 0810.4248 & 1412.6834]

» LHCb used B® - J/¥p® and BS — J/yYK*O (New!)

]
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LHCD

Penguin pollution In ¢,

Polarization dependent

» Penguin parameters definition: i€ {0, L.}
A(B] — (Jp $)i) = (1 - %2) Al [1 + ea’ e *‘f b — CCS
a;: size of “Penguin / tree” ratio, 6;: strong phase d’ I
“Penguin / tree” ratio is suppressed due to: .
¢
e = 12/(1 — 12)=0.0536, = [V,s| = 0.22 .

“Penguin / tree” ratio isn’t suppressed anymore

Ideal to study penguin contribution

Penguin induced tan(Ag” /wqg) 2ea’ cos 0 siny + e2a;"? sin(27)
- : an

37'ft for ¢, in 1 + 2eal cos 0] cosy + €2a;’? cos(2y)
v Assuming perfect SU(3) flavor symmetry: a; = a; , 6, = 0,

L. Zhang SU(3) breaking for a’=a & 7= @ need to considered 5



HCD
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Impact parameter:
Proper time:
Momentum:
Mass :
RICH K — m separation:
Muon ID:
ECAL:
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o;p = 20 um

o, = 45 fsfor BQ - J /¢ or DI~

Ap/p =04 ~ 0.6% (5-100GeV/c)

o, = 8 MeV/c? for B — J /X (constrainted my )
€(K > K) ~95% mis-IDe(m - K) ~ 5%
e(u—->pu) ~97% mis-IDe(mr - u) ~1—-3%

AE/E =1 @ 10%//E(GeV)







RS B’ - J/yntn

[PLB 742 (2015) 38-49

reflection

By~ 5300 5400 5500
Ap >IKp m(J/ynn) [MeV]

« $20 MeV of peaks: 17650 BO signal purity 65%

[ ]
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LHCD

Differential decay rates

 Initial 53)6‘,’ decay to self-charge-conjugated final states J /yh*h™

T 2L A2 ATt A2 - AP
[(t,mpp, @) = Ne ! {IAI + 1A cosh + A"~ 1A

cos(Am t)

alty Im(A*A)sin(Am f)}
!

CPV phase mainly enters
A= Z A; Total resonant transversity amplitudes of B; decaysatt =0

— Re(A*A) sinh

The amplitudes are function of m,, and

Z i Z AA; three decay angles Q = (cosb,, cosb,,,, )
p P
_ qA; ; J
(=1 J arg(nid) =~}
7
CPV parameter

n; Is CP eigenvalue for amplitude A, .
measure CPV phase ¢4 and magnitude |4;]

[Zhang&Stone PLB 719 (2013) 383]  j can be polarization dependent for each resonance
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%%Components in B - J/ymtm

[PLB 742 (2015) 38-4

9

. ~ 1400 — T T |
* Time-dependent tagged full 2t vLics _+ oma 5
. s > 1200 4 T igna -
amplitude analysis fitsto &, F “Bdgeuns
= (% . A — 1,(500) .
— m(nw) and 3 decay angles 3 soof o W1270) =
= R === i
— Flavour-tagging & S oo — firon E
decay time £ a0y E
§ 200 f_ ﬁ ---- _f
AR ]

0.5 1 1.5 2

m(T) [GeV]

1 : . _ Transversity fracti %
Component Fit fraction (%) ransversity fractions (%)

0 [ 1
p(770) 65.6 + 1.9 56.7+18 235415 198417
fo(500) 20.1+0.7 1 0 0
£2(1270) 78+0.6 64 + 4 9+5 27+ 5
w(782) 0.647513 44+14 53414 3130
p(1450) 9.0+ 1.8 AT+11 39+12 14+8
p(1700) 3.1+0.7 29+12 42415 29415
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%@\Aeasu rements of CP asymmetr

Polarization-independent results

TP = (41.7 £ 9.6128)°
1ol
71+ |4
= (—32+28%2) x 1073

= ¢I/VP° _ pIIVK® = (0.9 £ 9.7+28)°

L. Zhang

[PLB 742 (2015) 38-49

polarization-dependent results

0 .
JIVP [degrees]  alp[x 107]
2o 4414102523 | po —47 4 34711}
pi—po  —08+65LY | p — 61+ 60% g
pL—po  —=3.6x7.2820 | pL 17 4 10972

Consistent with no polarization-dependence
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%@\Aeasu rements of CP asymmetryf /¢ ;

T [PLB 742 (2015) 38-49
Polarization-independent results

C]l/ll)po = (41.7 + 9.6+28)° polarization-dependent results

e = 1— |4 é,/i‘/’po [degrees] atp[x 1073]
1+ |2 2o 4414102523 | po —47 4 34711}
= (—32+28%9) x 1073 pi—po  —08+65T | p — 614 60F 8
pL—po  —=3.6x7.2820 | pL 17 4 10972

J/pp° J/YK° +2.8\0
f— — = (—0.9 4 9-7_. . . 1 i
¢d d ( - o= Consistent with no polarlzatlon-dependence

- 70V N T v
L+ [Asf? L+ [Af|?
f Experiment St C Correlation
E"O — Jibp® LHCb —0.6615-134999  _0.063 £ 0.05612012  —0.01 (stat)
B° — Jhpn® Belle |33 —0.65+021+0.05 —008+0.16+0.05 —0.10 (stat)

B° = Jir° BaBar [34] —1.23+021+0.04 —0.20£0.19+0.03  0.20 (stat)

Our results are well consistent with the Belle results
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ffw‘?‘b ontrol penguin from B® — J/p°

« Two observables to extract a; and 6;: b, = 2P
o ( J/Q!,p %, ) —2a; cos 0; sin~y + a? sin 2~
1 — 2(1 8089 cosy + a? cos 2+

Direct CPV || = ‘

The penguin shift has a weak dependence on ||, resulting in
Aqb]/lqub —e X (¢]/7~/)P ¢d)

|

This factor greatly reduces uncertainty of the penguin shift

€=0.0536

]
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%%Control penguin from B® — J/yp°¢

« Two observables to extract a; and 6;: b, = 2P
tan( T/p® ) —

b Pa 1 — 2a; cos 0; cos~y + a? cos 2~
1 — GJ.ieiQ""e_i-Y

1 — a;eiet

. 2 .
—2a; cos 0; sinvy + a; sin 2

Direct CPV || = ‘

« Use ¢y = (43.2718)° measured from B® — J /K ° with

- - 1.0 e e
pen g u I n CO rreCtI On Ay, = f]_[]4'_§}'_l-']_[i' l," I|I ] | — As(By — .Jr_,-"t‘pl]]
09 e = —(67 J|;I "II f | AE‘_";;‘ (B; — .]I.-"r_:'p[:'_] b
n.elE=a 39 % C.L. / I|||| || - .rd.f'_‘:'lr\[B,, — J/vd) ]
[

0.7z 90% CL.

Independent of polarization "| \\ // |
S05 |II". I."I
0.010 4 04 -H \ 1 /f l”

« Assuming a and dare I aer |/ ‘

Ap)/*? = (0.00173839 +0.003(sU3))rad |}

[Bruyn & Fleischer arXiv:1412.6834]

odels, 95959
0.0 LS O RRRORNAR XY =T a
—180—160—140—120—100 —80 —60 —40 —20 0 20 40 60 80 100 120 140 160 180

HL';i :(l{\g]
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(s) —>]/1IJK*O

+ ~200kB°  LHCD
Preliminary

~2k B
° —$— Data

= Total PDF
B} signal

D .
lllllllll Bﬂ 51 glla]

= = = Combinatorial bkg
Ab — I/ "\” pJT

75300 5400 5500 5600
MJ/y Kn) [MeV/c]

[LHCb-PAPER-2015-034]

]
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LHCh Angular analysis

» Angular analysis used to measure LHCb preliminary
S&P(0,[, L)wavesind m,_
bins around K*(892)°, and for B!
and B

« Angular efficiency from
simulation (+calibrated by large
signal of BY — J /Y K*°)

— 120

/0.1
10

. 100 LHCb o

=)

[=]
1
1

Candidates
. -;. \I ]
B
B II‘ i

Candidates

[
[=]

<

EIZZE- LHCb -
Parameter Fitted value 2 sof 1t T _ go;a;\zligwn)
fo 0.407T00TT 0,025 § “Fhgbg TrRMHO T P-wave (odd*intert.
Fraction  f 017910027 £ 0913 B e ] e S-wave
I ' —0.026 e o 0f - ' - r S-P interference
ASP —0.048 + 0.05719-019 B 3
Direct CP ~ 2p 10 o F0.038 T
asymmetry A|| 0.171 :E%-gw?—o.oz? '
CP +0.095
A¢ —0.04979-09% 4 0.025
N 0,=6
B(B? = Jjp K*0) = o=y
(4.1340.16£0.25+0.24(f. /f4)) x 10~3 h”
0,=6,,

[LHCbh-PAPER-2015-034]
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% Control penguin from B? - J /i K*°

 Use results from angular analysis and branching fractions

F(Eg_*‘]/"#{"(fer?T_)i)_F(BS_)’J/w(I(_7"+)i) o 2a; sin 6; sin 7y
T(BO— Jpp(K+m=) )+T(BO—=Jpp(K—7+);) —  1=2a;cos0; cosy+a;?

CP __
« ATV =

2 -
- H: o 1| A" B(B! = J/0K*°) fi _1—2a;cos6;cosy + a;?
" e|A| B (Bf,] — J/vo) fI 14 2eal cosf cosy + €2a;’?

Theory inputs?ﬁmputed with LCSR

[Barucha et al, arXiv:1503.05534] m Extract penguin parameters from y2

o ____|LHCb-PAPER-2015-034] fit to H; and AT information for each

a, = 04J+34 ACPU?‘4>Jth : : :

I = polarisation 7 € (0, L, |[,S).

s BT | m Translate to penguin phase shift:

0.7z 90 % C.L. ! ' ,

ol AL t Param. Value % (stat) & (syst) £(].A%/A;])
ool R\ i T/5 & F0.087 +0.013 40.048
< ool gl : Aﬁbj/w(b 0.001Z¢'011 Z0/008 —0.030

0.4 |: _ 40.049 +0.013 +0.031

i Ap, 0.031767035 —0.013 —0.033

il J/p ¢ +0.012 40.007 +0.017

0-2f ‘ Aqu,J_ _0046—0 012 —0.008 —0.024

0.1} N

0.0 . TEETTIEE 290 240 - : 5 A

0 20 40 60 80 100 120 140 l[gll[iffegz}[]ﬂ 220 240 260 280 300 320 340 360 Current d)s prECISIon :I:0.035 rad
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THCD Combined results
[LHCb—PAPER-2015—O34] r—

T T T S T L | T I | 10 T
mm Co(B° — J/yp°) j

I LI W

I‘ 2 — 0017010
A o

[

0.8 i‘ =1 39 % C.L.

ay=0.0770 5 JLHCh mm C)(B° — J/vp")
— SD(BU — J/'!'-"»‘POJ 0.9 +?2Jo 1 \ : 0 0
AP 0) = —(8525)°|pre = 5)(B" — J/wp")

— “o ( s 7 /1’“\ )_ 0.8 sa 30% C.L. :ACP(BU—FVJ/TI)R*D)4

mm H(B® — J/$p") 1 68% C.L. | s

i - : mm HI(B° = J/vp")

- HYB! — J/vK ) f 0.78c=2 0% CL. P)

| e HI(B} = J/¢K")

EJ :
= Fole
! T AN

@ oo «X
[a%e%ete%s BB RK
(0. () B S R R S e R R R R S R S S S S T R A A TR KRS

180—160—140—120—100 —80 —60 —40 —20 0 20 40 60 80 100 120 140 160 180

0.6

505

TCooTToaT

0.4

0.3

0.2

L e s =

¥

0."-

,,,,,

0'9180160—140—120—100 —80 —60 —40 -20 0 20 4ll] GIO SID 100 120 140 160 180

fo [deg] ) deg]
polarization dependent measurements are used for both channels
m Now fit for |A]/A;| to limit Parameter Fitted value
i e o AgTE7 0000 oat) T B0 eyt
o &qﬁw‘}:@é 0.001+2:010 (stat)"’n'm? (syst)
m Assume |A!/A;|(B) — JAK*0) = '}J‘b(ﬁ _g'gig _g'ggg
A" JA;|(BY — Jjpp°) Agl | 0.003F 014 (stat) £ gos (syst)

m Combined results dominated by B® — J/1p° (access to mixing induced asymmetry
not available in flavor-specific B — J /K *?)

Penguinsaresmall!
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LEHCD Conclusion

 The world average for ¢, is —15=4 35 mrad

* The SM theoretical uncertainty is not limited
by penguin contributions anymore

* \We have experimental tools to control it with
precision =14 mrad

— BY > J /¢ p° accesses to mixing induced
asymmetry, thus is more powerful

— While cross-check i1s needed between different
modes

]
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Backup



POLARISATION-DEPENDENT @7 PRL 114 (2015) 041801

m Penguin pollution and/or CP violation could be different for each
polarisation state, ¢ € (0, L, ||, S) [Bhattacharya et al., 1IMP A28 (2013) 1350063].

m Relax assumption that \! = 7;44% is same for all (Jay KTK™);

P A;
polarisation states.
m Measure \! = |\!|e %%
As Parameter Fitted value
Ay M| 1.012 4+ 0.058 4+ 0.013
i_ A/ 1.02 +£0.12 £0.05
| I/ + S-wave A /X0 0.97 £0.16 £0.01
BY B AS /A9 0.86 £0.12 £0.04
| ¢ [rad] —0.045 4 0.053 £ 0.007
‘f"mmL_D oﬂ — @2 [rad]  —0.018 4 0.043 £ 0.009
B ot — @2 [rad] —0.014 £ 0.035 £ 0.006
> — ¢ [rad] 0.015 £ 0.061 £0.021

m Everything compatible with no polarisation dependence.

L. Zhang 22



 CP violation in interference

between mixing and decay:

Pas = —argdy A=y

Iz I

B®~f  Spsin(Amt) — Crcos(Amt)

Acp(t) =
S INGEV YNGR,

Two independent CP observables:

direct mixing-induced
C. = 1—|Af|2 _ 2singggs __ 2c0SPggs
T T

CF+Sf+Air=1

L. Zhang

candidates / (0.1 ps)

~ cosh(AT't/2) + Axp sinh(ATt/2)

B, oscillation
[New J.Phys. 15 (2013) 053021]

e Tagged mixed
o Tagged unmixed
4001 —— Fir mixed
200F
- Amg = 17.768 £ 0.023 + 0.006 ps—1 & Tovey
C s PR ] )
0 1 2 3 4

decay time [ps]
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LHCD

Penguin pollution in ¢,

Polarization dependent

 Penguin parameters definition: i eq0,1,[}
A(B{ — (J[p ¢)i) = (1 — %2) A [1 + ea,f;_eigliei'f} b — ccs

. . . T/ .
a;: size of “Penguin / tree” ratio, 6;: strong phase 4‘ d’ e

B i @
“Penguin / tree” ratio is suppressed due to: .“. v ‘N.
¢ ¢

e =22/(1—22)=0.0536, A= |Vl =0.22

Penguin parameters

e p/w) _ pr(t)
a,e’i = Rb T(e) i pric) _ prt)
Rb ~ 0.4
A! x (T!(c) + Pl(c) . PI(I‘))
1 tree amplitude V. V.5, T'() [T' & P’ are strong amplitudes]

3 Penguin amplitudes: V.V, P'®, V..V, P'€), v Vi P'W
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LHCD

« All modes are P2VV decays

« SU(3) partners with s(J/w)<«>d(control mode)
* |dea:

— Measure two observables to solve two unknowns a; and 6;
In the control channel

— assume perfect SU(3) symmetry, i.e. a; = a; and 8, = 0,
— then we can calculate

tan(A¢.J/d)¢) - 2ea’ cos 0! sin y + €2a;'? sin(27)
h 1 + 2ea; cos 0] cosy + e2a;’ cos(27)

SU(3) breaking fora’=a & @ "= A at level of 20-30%

[Bruyn & Fleischer arXiv:1412.6834]

L. Zhang
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Flavour tagging

signal

Same side

kaon tagger
| g: tagging decision
? etag: tagging efficiency

Same side
PV
roton roton .
ey < w: Wrong-tag rate
Opposite side v . Vertex charge tagger — _ . 1 1
Opposite : from inclusive vertexing D 1 2 @. DI I Utlon

K~

Opposite side
kaon tagger

_________

lepton taggers
from b-quark  (p~,e7)

Effective tagging power e = tag (D?)

B -» J/Yyrtn~  3.891+0.25%
BY - J/y¢ 3.73+0.15%
B° - J/yntn~ 3.26+0.17%

o X 1/ Nsiggeff
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