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ral Meson Mixing

Mixing arises from a difference between the mass and flavour eigenstates

|Prr) = p|P°) +¢|P°),  |Pr)=p|P") —q|P")

p, q are complex mixing parameters M 2: short-distance (off-shell)
Mixing can be described by the effective 2x2 Hamiltonian : V::' t VE“’ >

H;j = M;; — il /2 >
M is the mass term B; W W B,
I" provides the decay term due to the —3 b t * B
Solving the Schrodinger equation Y e
3 mixing physical observables —iI'15/2: long-distance (on-shell)
Am = my — my: mixing frequency in time evolution e
ATl =T'y — I': lifetime difference B, B,
Gmix = — arg(My2/I'12): C P-violating mixing phase I @
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jon in Neutral I(iré*%s'

C' P violation in neutral meson system governed by complex parameter

Access experimentally through time-dependent rate asymmetry in neutral mesons

[(P° = fep) —T(PY = fep)  —Cop cos(Amt) + Scgp sin(Amt)
I'(PY — fop) +T(P° — fop)  cosh(AI't/2) + Aarsinh(AI't/2)

acp (t) —

Sensitive to 3 physical observables

_ o= el =1
Cop: C P violation in the decay, |A| # |A] P2 +1
28 (Aep)
Sc p: Mixing-induced C'P violation, arg(Acp) # 0 Scp = —Mcp Acpl?2+1
_ 2R(Aep)
Aar: Admixture of Prr and Py, that decay to final state Aar = - Aepl? +1
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for Direct C P Violatiol

In B decays, presence of multiple amplitudes may lead to direct C' P violation
A(B = f) = X2, | A0+
A(B = ) = X, |Ailei0=90
Strong phase (0) invariant under C' P, while weak phase (¢) changes sign under C' P

A2 —|A|? : .
Acp(B — f) = }A:Q - :AL x Z |A;||Aj|sin(d; — 6;) sin(¢p; — ¢;)
]

3 conditions required for direct C' P violation
At least 2 amplitudes
Non-zero strong phase difference, 0; — d; # 0

Non-zero weak phase difference, ¢; — @; £ 0
Source of weak phase differences come from different CKM phases of each amplitude

Source of strong phase differences come from short/long distance effects, rescattering etc.
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Rich underlying resonant structure

Probe C'P violation with integrated and scalar triple-product asymmetry measurements

P-odd triple products
BY:Cz=p, -

B,: Cy :ﬁﬁ'(ﬁhj Xﬁh;) o sin @

(ﬁhl_ X ﬁh;) ox sin

P-odd asymmetries of T operator

. (CT>O) N(CT<O)
T N(C;>0)+N(Cs<0)
AA:]Y( :T>O) ]Y(_:T<O)
- N(=C#>0)+ N(=C4 < 0)

Sensitive to interference between P-even and PP-odd amplitudes

(' P-odd observable
(o) 1 A
a = C(Ag — Ag)
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Efficiency (arbitrary scale)
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o o'o o

Primary pp Decay of
Collision vertex b hadron —
_ Decay of

- b hadron

>

Decay time O(10712)s
Decay times precisely measured due to VELO vertex measurements

Time distribution affected by acceptance effects due to trigger and selection criteria

> LHCb eg. B® — mm”

;;: Shape determined from B’ — K7~ data
6 Perform lifetime fit

z arXiv:1805.06759 Transform back to BY — 77~

S R S BT)¥ t[lllzs] Topological weights obtained from simulation
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Time Resolﬁtlom

Event-dependent decay time resolution oy

Dilutes oscillation amplitudes D = exp(2 Am?o7)
Negligible in BO decays due to small Amy, critical for BS, however
Linearly dependent on per-event decay time error

Calibrated from time-dependent asymmetry of B — D7 control samples

> 0.4p 0.4¢
g 03 LHCD 03} "
= 02} 20 B » Dyt
< 0.1f :
0.1} _
02 “I ~(1-20) x D
—03F s —03F
04:|arX|IV18|050|675|9| 045. Lol
' 2 4 6 8 10 12 0 0.1 0.2 0.3
Decay time [ps] (-t )mod(2r/Amy) [ps]

C' P Violation and Polarisation Amplitudes in B — V'V Decays at LHCb



SS Pion

SS Kaon

SS Kaon NNet
SS Proton

SS Pion BDT '

Signal Decay

0S Muon

OS Electron % 01 02 03 04 05
n

taggers

OS Vertex Charge
0S Charm

SSc

Employs Opposite Side (OS) and Same Side (SS) taggers Callbrated vs Uncalibrated mistag

Algorithm produces per-event tagging decision and associated wrong tag probability
Wrong tag probability w, linearly calibrated with various control samples

Effective tagging power for particular category, €Tag (1 — 2w)?
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3 polarisations in main topology of interest: .S, P, D

Transform phase space to convenient “transversity basis™: 0, L, ||

Fraction of longitudinal polarisation

fi = Aol
AP + 14,2+ [ALP

Naive Standard Model:
fL~1—0(mi /m3p)

Breaks down for penguin dominated decays
New Physics proposed, however mainly attributed to poor understanding of strong interaction
Sufficient degrees of freedom to constrain amplitude through angular analysis

Separate interfering topologies eg. SS, SV, ST, VI, TT
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Penguin dominated final state

W*/NP?
B 'I* A < S
be sz S (p
g
B,
S
S > S ¢

Highly sensitive to New Physics amplitudes in the mixing and decay processes

QCD Factorisation (QCDf) predictions: |¢$%*| < 0.02 rad, Acp = (0.270°9)%,
fr =0.36707%

arXiv:0810.0249, Nucl. Phys. B 774, 64 (2007), Phys. Rev. D 80, 114026 (2009)
Update of LHCb Run 1 analysis, JHEP 10, 053 (2015)
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LHCb-CONF-2018-001

Effective tagging efficiency
(5.74 £ 0.43)%

Candidates / (0.314 w rad)

:f)gg ' I:H(.Ib'Prfl:ln;un'ar): o I _é § CP VV
SUE R B Red: -even
S it I
0L N s - Green: C'P-odd V'V
i LI g E )
150 3
100 L Purple: SV + .55
50 3
0 Fennass Y T E—
coso

¢5%% = —0.07 £ 0.13 (stat) + 0.03 (syst) rad

Acp| = 1.02 £ 0.05 (stat) £+ 0.03 (syst)

fr = 0.382 + 0.008 (stat) £+ 0.011 (syst)

Additional search with triple product asymmetries shows no C' P violation
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Penguin dominated final state
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S > S

Highly sensitive to New Physics amplitudes in the mixing and decay processes
Additional complication of finite /X* width
QCDf predictions: Acp = (0.4150)%, fr = 0.561052

Phys. Rev. D 80, 114026 (2009)

First observed at LHCb PLB 50, 709 (2012), first angular measurement JHEP 07, 166 (2015)
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Analysis based on 2011+12 data (3 fb— '), JHEP 03 (2018) 140
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World’s first time-dependent measurement

JHEP 03 (2018) 140
K mass distribution modelled
Effective tagging efficiency: (5.17 = 0.17)%
Systematics dominated by multi-dimensional acceptance
No evidence for C'P violation

Results consistent with BY — ¢¢ and QCDf

—0.10 £ 0.13 (stat) £ 0.14 (syst) rad
Acp| = 1.035 £ 0.034 (stat) £ 0.089 (syst)
fr = 0.208 4+ 0.032 (stat) £ 0.046 (syst)
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Summary

LHCb provides a rich environment to search for various manifestations of C' P violation

Mixing-induced, direct and triple-product asymmetries
Time-dependent measurements of ¢, with BY — V'V channels
Penguin dominated highly sensitive to New Physics
Fraction of longitudinal polarisation another avenue to better understand QCD
Future polarisation-dependent measurement of C' P violation will be interesting

Precision dominated by statistical uncertainties, room for New Physics

B) — ¢¢
Consistent with SM predictions
BO N K*OK*O
S

World’s first measurement
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