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Theory Overview




Direct CP in the CKM Matrix

© Interference between two different amplitudes that
contributes to the same final state and with different weak

and strong phases.
o The weak phase changes sign under charge conjugation
while the strong phase remains the same under the same

operation.
© Example: strong phase from a penguin diagram.
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Strong Phase from a Hadronic Rescattering

© In a simplified formulation: P particle decays in a family of
only two final states alpha and beta:

© Weak phase is the same but strong phase now from the
S-Matrix.

) ( o200 taﬁei@mﬁ)) (a|T|P) = ea[T, + itopTy]
Smatrix -

taﬁei(&ﬁéﬂ) e2i0p <ﬁ| T |P> = pl0p [Tﬁ + itaﬁTa]



Search for CP'in B — ppK ™
decays




Search for CP'in B — ppK*n~ decays

© Promissing process to observe CF in B decays to final state
with half-spin particles. Eur phys.J. € zozo) s0:565

o Prequel: First evidence of CF in the B* — ppK* decay.

Phys. Rev. Lett. 113 (2014) 141801

© Search for P and CP using triple-product observables.
o T-odd observables:

Cj = pr+ - (Br- X Pp)  Cp = k- - (Pr* X Pp)

o Asymmetries:

A

_ N(C4>0) - N(C; <0) N(-C
T~ N(C; >0)+N(C4 <0 (

o P and CP observables:

N 1 _
ap M = S(Ap + A


https://epjc.epj.org/articles/epjc/abs/2020/06/10052_2020_Article_8134/10052_2020_Article_8134.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141801

Search for CP'in B — ppK*n~ decays

LHCD collaboration arXiv:2205.08973[hep-ex]
© Results for phase-space integrated asymmetries:
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https://arxiv.org/abs/2205.08973

Search for CP'in B — ppK*n~ decays

© Results for phase-space regions asymmetries:
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© P violation at 60 in the region of low pp mass and near the

K*(892)° resonance.

o Full amplitude analysis needed to associate the P to any
resonance amplitude.


https://arxiv.org/abs/2205.08973

Measurement of CP in B* — h*h*th~
decays




Overview of GP in B* — h*h*h~ decays

© Previous Results
o Evidence of IntegratedQP and high localised CF across the

phase SPace. Phys. Rev. Do, (2014) 112004
o Amplitude analysis of B* — K*n"K™ : CF connected to
nirt <> KK rescattering amphtude Phys. Rev. Lett. 123, (2019) 231802

o Largest CP measurement associated to a single amplitude:
Acp = (66.4 +4.0)%.
o Amplitude analysis of B* — n*n"n~ : CP'in S-wave, 5- and

P-wave interference and in D-wave.
Phys. Rev. D101, (2020) 012006; Phys. Rev. Lett. 124, (2020) 031801

® Analysis using Runz data only (5.9 fb7):
o Inspect all 4 hadronic channels for P measurements:
o Inintegrated phase-space;
o In regions of the phase-space;
o Using a model-independent method to inpect regions with
an isolated pseudoscalar-vector resonances (B — PV).
o Test for U-spin symmetry predictions.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.231802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.031801

Overview of GP in B* — h*h*h~ decays

© The observable for the analysis is defined as:

COR _
ARAW Ap

COR
1- Az wAr

Acp =

© Ag%ﬁ, is the raw asymmetry corrected by the acceptance

and detector asymmetry.

© Ap is the production asymmetry extracted from the control
channel B* — J /K=,

11



o N(B* - n*ztz™) =

Integrated GP Measurement

100999 + 527

" N(B* - K*n*n™)

LHCD collaboration arXiv:2206.07622v1[hep-ex]
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https://arxiv.org/abs/2206.07622v1

CP regions of the phase-space

© Dalitz plot allows the study of B decays and its
intermediate states.

o 2-D phase space defined by mlzj = (Ei + Ej)* = (pi + p))*

2
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© Interference between intermediate states with different
weak and strong phases generates CFP .
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GP regions of the phase-space

LHCDb collaboration arXiv:2206.07622v1[hep-ex]
Distribution of events over the phase space
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https://arxiv.org/abs/2206.07622v1

Phase-space inspection

© Evaluate the asymmetries in each bin of the phase-space:
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GP in regions of phase-space
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https://arxiv.org/abs/2206.07622v1

GP in region with charmonium

LHCD collaboration arXiv:2206.07622v1[hep-ex]

B* — n*nn” decays:
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4984
https://www.sciencedirect.com/science/article/pii/S037026932030294X?via=ihub
https://arxiv.org/abs/2206.07622v1

U-spin symmetry test

LHCD collaboration arXiv:2206.07622v1[hep:
© U-spin simmetry implies that d < s in the contribution

diagrams. Hence:
Phys. Lett. B564 (2003) 90

AT(B* — i) = —AT(B* — K*K*K")
AT'(B* - K*n*n™) = —AI'(B* — 7n*K*K")

© Using the same U-spin arguments, one can also predicts:

AT(B* - n*K*K™) = —~AT(B* — K*K*K")
AT(B* - K*n*n™) = —AI'(B* — " n")

© The LHCD results are:
Acp(BY — nata)
Acp(BE = KEK+K-)

Acp(B* - ntK+K-)B(B* = 7t K+K~)
: - = -0.92+0.18.
Acp(B* = Kirtn)B(B* — K#rtr-) 18

B(B* — rtrtar)
B(

— —1.06 + 0.08
B* » KTK+K-) 600
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https://www.sciencedirect.com/science/article/pii/S037026932030294X?via=ihub
http://dx.doi.org/10.1016/j.physletb.2013.12.040
https://arxiv.org/abs/2206.07622v1

U-spin symmetry test

LHCD collaboration arXiv:2206.07622v1[hep-ex]
© U-spin simmetry implies that d < s in the contribution

diagrams. Hence:
Phys. Lett. B564 (2003) 90

AT(B* — i) = —AT(B* — K*K*K")
AT'(B* - K*n*n™) = —AI'(B* — 7n*K*K")

© Using the same U-spin arguments, one can also predicts:
Phys. Lett. B806 (2020) 135490; Phys. Lett. B728 (2014) 579

AT(B* - n*K*K™) = —A[(B* — K*K*K")
AT(B* - K*n*n™) = —AI'(B* — " n")

© The LHCDb results are:
Acp(B* - n*KYK)B(B* = " KTK™)
Acp(B* - K¥*KYK-)B(B* — K*K+tK~)

)B(

)B(
A([J(Bi — I{iT+T7}B( — K*r 7)
Acp(B* = rtata—)B(BY — ntnta—)

= 0.47 £ 0.04

= 0.48£0.09. 8


https://doi.org/10.1016/S0370-2693(03)00702-0
https://www.sciencedirect.com/science/article/pii/S037026932030294X?via=ihub
http://dx.doi.org/10.1016/j.physletb.2013.12.040
https://arxiv.org/abs/2206.07622v1

GPin BPV

LHCb collaboration arXiv:2206.02038v1[hep-ex

© Model-independent method that explores the angular
distribution characteristic of these decays. phys. rev. Do (2016) 054028
o Few B* — h*(V — h*h~) measurements in the literature
and huge theoretical interest.
© For isolated vector ressonances, asymmetry is o« to square

modulus of amplitude difference

2 _ + + 2 + 2 2
| M| = Py + pjcosO(my,sy) +p5cos”O(my,s.)
~——
Direct scalar Acp  Scalar and Vector interf. Direct vector Acp

© p5 can be obtained from a simple quadratic fit and hence:

v MR PPy -p;
P2+ g2 py +pa
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https://arxiv.org/abs/2206.02038v1
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© Amplitude analysis results for the p(770)° component:

Acp = (4410 £4"7,)%

BaBar collaboration: Phys. Rev. D78 (2008) 012004

Acp = (30£11+21)%

Belle collaboration: Phys. Rev. Lett. 96 (2006) 251803 20
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https://arxiv.org/abs/2206.02038v1

Conclusions



Conclusions

© LHCb collaboration has published some interesting results

related to CP in multibody charmless B decays.
©® No CP observed in B — ppK*n~ decays and P observed
at 60 around the low pp mass and K*(892)° resonance.
o A full amplitude analysis is needed to relate the observed P
to an specific resonance amplitude.
© Large CFis observed in the B* — h*h*h~ decays:
o Large integrated CFP'in B* — n*n*n~ , B* — K*n*K™ and
B* — K*K*K~ decays.
o Even larger localized ¥ in all 4 decay channels.
o (74.5 +2.7)% asymmetry in the y.o(1P) resonance region in
B* — n*ntn~ decays.
o (15.0 £1.9)% asymmetry in the p — @ mixing region in the
B* — K*m"ri~ decays.
o Results are consistent with U-spin symmetry.
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Direct CP in the CKM Matrix

© The CKM Matrix introduces the CP possibility through the
weak phase (Wolfenstein parametrization):

Vua Vus Vup 1- AZ/Z A /\3(10 - ”7)
Vekm =|Vea Vs Vep | = -A 1- )\2/2 AN?
Via Vis Vi AB1-p—in) —AA? 1

© Example: B* — K*K*K~

us < K-
b Ltb

B~ ) ﬁ(( — K*K")

i

x A
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LHCb Experiment

forward arm spectrometer for precision measurements (2<n<5)

good vertex and impact
parameter resolution
Vertex locator Tracking stations Calorimeters (o(IP)= 15 +29/p, ym)

Momentum & Vertices Energy

excellent momentum

resolution

(o(mg ) ~ 25 MeV/c? for 2-body
decays)

excellent particle ID (u ID 97%
for (. - p) misID of 1-3%)

stable running conditions
constant p

trigger on small p, and low
mass objects

real time analysis
RICH detectors Muon stations allgnment and calibration fu”y
automated

Particle ID

® 9 fb~! recorded over Run1 and Run2 p — p colisions.
o Runi1 with 7and 8 TeV and Run2 with 13 TeV.

© p —Pb, Pb— Pb and p — gas (fixed target) runs.

© LHCb trully is a multi-purpose forward detector. »



LHCDb Detector for Run3

Particle ID | Phase-| upgraded LHCb detector
§ tNL:N . Calorimeters
gelecior = Reduce PMT gain Muon

electronics + new electronics new electronics

New ——
Vertex W‘“ ECAL'ﬁcAL o MM 7‘\
Detector Magnet SciFi

racker

Mz“

]

New Tracking stations ‘ | + trigger-less readout & sw trigger on GPUs

%
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LHCb Detector for Run3
Phase-| Upgrade for Run 3
CERN-LHCC-2012-007

Upgraded LHCb Detector

To be UPGRADED
| Detector Channels I R/O Electronics

nnnnn
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U-spin symmetry test

© Main diagram contribution for all channels:

ABY = K+atn—) = Vi VasUs, + ViVis Gy,

AB* = mtKYE") = Vi Veallay + Vi Veu Cay.

(B+4>7T ntr ) deuda+KdeCd3,
AB* = KYKYK™) = VAVa s, + ViVis Co,

ATlop(hEhhy) =T(B™ = hihhy) —T(BY — hihghy).

© Vl.*]. Vi are the CMK elements. The U stands for the tree
contribution and C for the penguin.

ATcp =T(B™) —=T(B") = Acp(B¥)BR(B¥)/1B*
28



GFP in regions of the phase-space
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GP in regions of the phase-space
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