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CP Violation
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Violation of the CP symmetry

Three mechanisms of CP violation exist: J/z,v
e Direct (in decay amplitudes) B“’

hth~
e Mixing (indirect) ‘

e Described by phenomenological Schrédinger equation:

i (\@2@») (M- 4r) (@;’(t») | ‘ )
@t \|B2(t)) 27 \B2(1)) B B
e Solutions give two mass eigenstates: By and B,
|BL) = pIBY) +4qlB2) ; i
|BH> = P|B£> _q|B£> BY) t,;.u w t,cou B
e Mixing parameters h )
Ams = My — M. Als =T —Ty s Wl b
s = % ¢12 = arg(—Mi2/T12)
B(s)*
e Interference between direct decays and decays with mixing ¢M\ f

In the Standard Model CP violation is described by the CKM matrix
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CKM - quark mixing matrix

Cabibbo-Kobayashi-Maskawa matrix is a 3 X 3 unitary matrix which consists of
information about flavour changing weak decays

u d, Vud Vis Vub d
c|l s = Ved Ves Vo s
t bl th Vis th b
2 .
Vg Vis Vi 1-2 A . AX3(p — in) \
Vekm=| Ve Vs Vo | = Y 1- 22 AN2 +0(Xx*%)
Vie Vs Vi AN(1—p—in) —A2 1
A~ 0.22 [PRL 53 (1984) 1802]
Im
Vi Vi
e 6 unitary triangles v vt 9 = £ >
Triangle (sb): us "ub v Vv I Re
Vus V:b + Vcs V:b + Vts V;Z =0 s
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Introduction to ¢s

e SM prediction is very small and precise:

c Vis Vi
¢S = 28, = -2arg(— v f‘;) [CKMFitter, PRD 84 (2011) 033005]
c
cCs __ +0.0008 *lgnoring subleading penguin contributions
$S5 = -0.037670:0008 ad

e If new particles contribute to "box" diagrams, then value of ¢y will be different
than SM prediction

NP?
b t,c, S
B\ vl om = o3 + Adhy
NP? NP? ccs d)M _ 2(/5D — _2ﬁs + Agf)
s >t.cou> b
NP?

¢< is an excellent probe for possible NP!



¢@s measurement
(]

Measurement of the phase ¢,

[
S

BY — D} D
b s
e b — s5s transition
° BB — (Z)(b
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c
e b — cCs transition
BY — J/YKTK~ ¢
BY — J/ymtr— W=
BY  (25)0 : x ‘
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Analysis method

Time dependent angular flavour tagged analysis:

dT(BY = J/p¢)
e ;hk(t)fk(emeh‘b)

o hy(t) time dependent part: ¢s, Al's, s, Ams, A;,0;(i =0,L1,],5)
o () angular dependent part: 6k, 0;, ¢
e Flavour tagging is determined using two algorithms:

e Same Side - charge kaon which is correlated with B2
e Opposite Side - charge lepton or kaon from second
B decay

e Self tagging decays to calibrate the algorithms: J//’ é
Bt — J/¥K™ for OS and BY — D 7t for SS + ,,,,,,,, SameSée
e Estimation of_the algorithm efficiency: Creostesce @ @
o tagging efficiency etag and corrected mistag B bre o

probability w steft;,:;rge o
o total efficiency eofr=crag(1-20)*=(3.73 +0.15)% e 1=t
for BS — J/v¢

SS Kaon NNet Signal Decay
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B — J/(— pTu)p(— KTK™) (1)

e P—VV decay = final state is an admixture of i
CP-even and CP-odd eigenstates /v“ <[ >
o Amplitudes: S e i e
3 P-wave (Ao, AJ_,A”) + 1 S-wave (As) K+ W~
5 15000F ' ' D ‘ ]
2 F 2 = LHCb =T -
S [ Mg ~ 96-10% A LHCh {3 10% - - E
QO L 1 o - i 1
= L Peak. bkg: 1= - L ]
v 10000 B® = J/oKn 2 I N -
< I Ao = J/bpK 12 10°% b . E
172 [ 1 @« F 'Y ]
2 5000L 18 iy bty
3 [ S ) " i
5 [ Comb. bkg 15 5 #
5 O- B? signal b ., . 1 5 10 ?++‘|++‘F}H‘ ‘ ‘ ‘ E
5300 5350 i 5400 990 1002 1014 1026 1038 1050
m(Jy K*K) [MeV/c?] m(K*K') [MeV/c?]

e Fit is carried out in 6 bins of m(K*K ™) region to measure S-wave contribution
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BY — J/

= ptpT)o(— KTK™) (2)

Experiment ¢s [rad] AT [ps— 1] Reference
CDF (9.6 fb— ) [-0.60,+0.12], 68% CL _ +0.0680.026+0.009 [PRL 109 (2012) 171802]
DO (8.0 fb— 1) -0.557% 3% +0.1637%, %85 [PRD 85 (2012) 032006]

ATLAS (19.2 fb~ 1)  -0.090+0.07840.041

+0.08540.0114+0.007

[JHEP 08 (2016) 147]

CMS (19.7 fb~ 1) -0.07540.097+0.031

+0.0954-0.0134-0.007

[PLB 757 (2016) 97-120]

LHCb (3.0 fb~ 1) -0.058£0.049+0.006

+0.08054-0.0091+0.0032

[PRL 114 (2015) 041801]

* First uncertainty is statistical, second is systematic uncertainty

° Bg — J/9KT K~ is a golden channel: measurement of ¢s, I's, Als, Ams

e Consistent with SM predictions; no direct CP violation

e LHCb dominant contribution to systematic uncertainty gives decay time
efficiency, angular efficiency and background subtraction

e No polarisation-dependent CP violation observed

Most precise measurement of lifetime parameters to date by LHCb!
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e Amplitude analysis to study resonance structure of 77~ states = CP-odd state of
mtr~ is >97.7% at 95% CL

e Largest component in resonant states is the f(980) with ~ 70%

10*

©Dum T

. - T T T
S
e LHCb 2 7000 LHCb
i Bk 6000 Nsjg ~ 27 - 103
z ) 3
m 5000 B — J/¢YKm
- £,(1790) £

B° — J/pmm 3

Events/ (20 MeV)
s

Sidebands
to model bkg

! 5 i B %= T 5400 5500
m(r') [GeV] m(J/yr'r) [MeV]
s = 0.070+0.068£0.008 rad Combination with BY — J/b¢)

¢s = -0.01040.039 rad

First uncertainty is statistical, second is systematic uncertainty

*

e Consistent with SM predictions; no direct CP violation assumed equal for all 717~ states
e Main contribution to systematic uncertainty from known 7+

resonance model

Most precise ¢S measurement from combination of B — J/4% K™K~ and
B% — J/ymt7™ to date!
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B — ¢(2S)(— ptu~)p(— KTK™)

=)

S

3
T

Ngjz ~ 4700 LHCb
I Peak. bkg: B
B® — (25)K|
Ap — P(25)pK ]

%
=3
3

o Replace J/v — 1(2S). The B? yield is
decreased by factor ~ 20

e Prompt J/v events are used to calibrate decay
time resolution model

e Decay time efficiency is determined using control

IS

S

3
T

5

2

3
T

Candidates / (2.5 MeV/c?)
2
3
T

o

B — 9(25)K*(— K*x~) channel B S PMevic]

g 1-2;“ I + + Lich |
5 = 023925002 rad S A
Ms = 0.668-+0.011+0.006 ps~1 - F +H+H+ i 1y E
AT = 0.0667994% 4+0.007 ps—! < o9 ﬂﬂ t 50 1
. £ B 0 S (t) 3

* First uncertainty is statistical, second is systematic 0'85+++ € gatalt) = Egara(t) x Em(t)
uncertainty 07 ) s’ml 3

e Consistent with BS — J/yK+ K™ fit results
e Limited size of data sample

e Systematic uncertainty is < 0.20stat except for s (~ 0.60stat)
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BY — J/¥KTK™ in high M(KK) region

~—~ 2000 T T
% 1800 Ngjg ~ 31 - 103 LHCb
E 1600 S-wave ffn; ?IIg;vg) E
— tat: =
o B — J/$KK with M(KK) > 1.05 GeV S 0(1500) and fo (1713
higher than M($(1020)) E 1000 #](1525)

e Formalism of the analysis is the same as

AT i AT T T

. C00FT. (1680
used in BY = J/véb - 0500 0507
e Decay time efficiency is determined using 2000 i > 5
control B® — J/¢K*(— K*m~) channel PSP WA PR S VA S SRt Y

[ s e er™ e s
s

1 5 -
£2(1270) ' £(1750)

2
My [GeV]

Combination with BS — J/4¢
¢s = -0.02540.045+0.008 rad
s = 0.658840.00224-0.0015 ps—*
ATs = 0.0813+0.0073+0.0036 ps—!

* First uncertainty is statistical, second is systematic uncertainty

¢s = 0.119+0.107+0.034 rad
s = 0.65040.006-+-0.004 ps—1!
ATs = 0.0664-0.01840.010 ps—*

Combination with BY — J/4¢ improves a precision of the ¢s measurement by over 9%
Main fractions: ~70% $(1020), ~10% f;(1525) and S-wave each
Largest contribution to systematic uncertainty from the resonance fit model (+0.0236 rad)
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¢s experimental measurements

o PSS M _0.0370-0.0006 rad [CKMFitter, PRD 84 (2011) 033005]

o AT ™ 0.08840.020 ps—1 [M. Artuso et al, arXiv:1511.09466]

T HFLAV
2 68% CL contours
(Alog £ =1.15)
-1 . .
CMS 19.7 fb HFLAV combination

¢S = -0.021£0.031 rad
ATy = 0.08540.006 ps—?
I's = 0.6640+0.0020 ps—1!

CDF 9.6 fb

ATLAS 19.2 fb~!

04 0.2 0.0 02 04
6" [rad]

o B? — J/9KK gives the lowest uncertainties
e LHCb dominates world average

e Consistent with SM predictions but still a lot of window for NP
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Conclusion
= F T 3
E 0.14F —e— B! - ¢¢LHCb =
. ) ; 012 E —e— B - J/yrx LHCh E
e Most precise measurement of ¢ in the B? > F —— B s ayetHc p
. & — = SMupperimiton 071 B2
system has been made at LHCb using Run | data 5 OIf __zﬁo'fi{,,gﬁ,‘f‘w: i
. 0.08
e Future perspectives: 0065 . [LHCbH-PUB-2014-040] E
e Runl: B — J/¢(— eTe KK, TN ]
B? = (KTn~)(K~7™) st T N ]
e Run Il: new modes with more data ]
0 2020 2030
e Estimations (only ostat) for LHCb [LHCb-PUB-2014-040] Year
Decay mode Run | (3 fb— 1) Run Il (8 fb— 1) LHCb upgrade Theory
ostat(s) [rad] (2010-2012) (2015-2018) (42020, 50 b~ 1) limit
By — J/¥KK 0.049 0.025 0.009 ~0.001
B — J /vty 0.068 0.035 0.012 ~0.01
. ) o NP?
o Penguin effects in B? mixing are under
control: A¢s ~ 0.001 4 0.020 rad B! B [JHEP 11 (2015) 082]
... but more work still be needed for LHCb [PLB 742 (2015) 38]
upgrade NS

Thank you for your attention!
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Large Hadron Collider beauty Detector

LHCb Detector .
123 \\cight: 5,600 tonnes Electromagnetic
Calorim

E
YROCD  Height : 10m
Length: 20 m

RICH1

Vertex
Locator

Tracker
Turicensis Bipole ‘ ERambers
Magnet Stations Calorimeter

Single-arm forward spectrometer, covering 2< 7 <5 (10< 6 <300 (250) mrad)
Momentum resolution: Ap/p = 0.5% at 5 GeV/c to 1.0% at 200 GeV/c
Impact parameter resolution: 20 um for high pt tracks
Decay time resolution: ~ 45 fs
Invariant mass resolution: ~ 8 MeV/c? for B — J/1X decays with J/t» mass
constraint

e L =3fb~? collected in Run | at /s = 7-8 TeV
V. Batozskaya, NCBJ, Warsaw, Poland




e Purely CP-even state = no angular analysis is

required

e Candidates are reconstructed in four final
states = combinations of D;" into KK,
Knm and 7

o B% - D~ (— K27~ )DF (— K*nt) is used ‘ MDD, eV

as control channel

¢s = 0.02£0.1740.02 rad

* First uncertainty is statistical,
second is systematic uncertainty

800

600

400 I Combinatorial

Candidates / (5 MeV/c?)

200

I I B |

§)300 5350 5400 5450

Candidates / (0.1 ps)

Decay time [ps]

e Consistent with SM predictions, no direct CP violation
e Systematics dominated by the decay time resolution
e Decay time uncertainty calibrated from the simulation

V. Batozskaya, NCBJ, Warsaw, Poland
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e b — s5s penguin process is sensitive to NP on the loops

e P—VV + P—VS and P—SS due to proximity to f(980) b s
resonance = angular analysis s
e Amplitudes: *
3 CP-even (Ao, A”,Ass) + 2 CP-odd (AJ_,AS) $ s
. o |¢555|SM <0.02 rad
T - Nsig ~ 4000 [NPB 774 (2007) 64-101]
2 10°= [arXiv:0810.0249]
= - [PRD 80 (2009) 114026]
3
g ¢2° = -0.174+0.15+0.03
-.g * First uncertainty is statistical,
Q second is systematic uncertainty

Pull

3 B i
= L L L
5250 5300 5350 5400 5450
Myoox- IMeV/c?]

e Consistent with SM predistions, no CPV in b — s5s decay amplitude
e Fraction of S-wave is found to be consistent with zero
e Most significant systematics arise from the angular and decay time acceptance
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