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Matter-antimatter asymmetry

Afterglow Light
Pattern  Dark Ages Development of
375,000 yrs. Ga

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

* Central question of physics: how the Universe develops into current matter-
dominated state from Big Bang

* Sakharov conditions: C and CP violation required

* Current SM: CKM mechanism, but orders of magnitude smaller! Need to search
for new sources of CPV
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Global fit

CKMfitter 2018 updates

* Precision measurements = global fit

= deviation from SM and find new

CPV sources (NP)
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Outline

* Recent results on y measurements
* Recent updates on ¢

* Highlights for CPV in charmless B decays

e Conclusion




Angle y

e CPVin SM « siny, key element of CKM matrix (mechanism) PRL 55 (1985) 1039
‘ v = arg [—VuaViy/ (Ve V)]
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LEs mustd 3 Direct: ¥y = (73.5723)°
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. 3 indirect: y = (65.6139)°
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« v attree level: clean theory prediction, 8y /y ~ 107 JHEP 1401 (2014) 051
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* Least well known CKM parameters before LHCb, bottle net for understanding CKM

mechanism



Continuing efforts from LHCb

* LHCDb reduces its uncertainties by more than a factor of 2 and will do more

& 110 B decay D decay Method Ref. Dataset
>= 100 LHCb
Preliminary B - DK* D — h*h- GLW 14] Run1 & 2
%0 B* - DK* D hth ADS 15] Run 1
80 B* - DK+ D s h*r—xtr~ GLW/ADS  [15] Run 1
70 B* - DK+ D h*h-7®  GLW/ADS [16] Run 1
. B* — DK* D — Kh*h~  GGSZ t17] Run 1
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N o @ © @ @ o BoDET Down GLW 14 Runl&?2
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e Tree-level y: sensitive channels Bt — DK*ntr~ D — h*h- GLW/ADS  [21] Run1
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Updates from B® - DK*,D — hh, 4h

LHCb-PAPER-2019-021

4.8 fb!
» Updates from previous 3 fb-! analysis with D — 2h, and Dalitz plot analysis of B - DK«
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Oth e r actiVitie S Phys. Rev. D 98 (2018) 072006

Phys. Rev. D 98 (2018) 071103(R)
- B'—DVKK and B,—D'KK decays
« Time-Dependent Dalitz analyses to access CKM angle vy and B
« Not only probe sin2), but also cos2fs)
« Dalitz structures interesting for charm spectroscopy studies

« Bs—D®¢ decays: special cases where final states are in CP eigenstates
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« Comparable sensitivity on y w.r.t. that of the golden GGSZ mode expected for Bs—D®¢
decays and LHCb-China group are currently working on its measurements



¢ measurements

* ¢¢: mixing-induced CPV phase in By decays

* Depending on final states (quark-level diagram) S
difference, we have: ¢S5, 553, dds etc. qk‘

. hth™

 SM prediction for ¢p<¢5 = —36.871-3 mrad, and ¢S59, 44s yery small; NP can

. v‘s
contribute and enhance them . § t(u,0) b




C CS up d at es LHCb-PAPER-2019-013

LHCb-PAPER-2019-003

¢ We have two important updates recently: BY — J /i ¢ with 4.9 fb-! and B2 - J/yn*n~
with 4.9 fb-!

Fit in six m(K"K™) bins Fit to m(m 7 ")
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¢ps=—83 + 41 + 6mrad
I\|=1.012 + 0.016 + 0.006
M. — ,=—0.0041 + 0.0024 + 0.0015 ps "
AT.=0.077 + 0.008 + 0.003 ps ™ *

¢ = —57 £ 60 £+ 11 mrad
I\ = 1.0179% +0.03
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ATLAS-CONF-2019-009

c CS c O mb ln ath n LHCb-PAPER-2019-013

LHCb-PAPER-2019-003

LHCb combination gives: ¢, = —0.041 £+ 0.025 rad

B physics now attracts more interests from GPD, there are also results from ATLAS on

BY = ] /Y ¢ (see weiming’s talk)
* World average: ¢, = —0.054 + 0.020 rad vs —0.0370 + 0.0006 rad from prediction
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s SS and qbdds situation LHCLPAPER 2010.019

« LHCb has performed measurements of B — (K*n™) (K~ n*) with 3 fb-! data and gives

399 = —0.10 + 0.13 4 0.14 rad,
« Update of B —» ¢¢ with 4.9 fb-! data and gives
$55% — —0.073 + 0.115 + 0.027 [rad]

* LHCDb prospects for ¢, in different processes:

Run 1 Run 2 Upgrade | Upgrade 11
¢§Es 37 mrad 15 mrad 4 mrad 2 mrad
gbg‘i's 180 mrad 90 mrad 22 mrad 10 mrad
gbg‘gs 150 mrad 75 mrad 19 mrad 8 mrad

¢ LHCb-China group heavily involved in B - J /1 KK /nt and BY - ¢¢



CPV in charmless B decays

PRL 112 (2014) 011081
PRL 111 (2013) 101801
PRD 90 (2014) 112004

* Interesting CPV pattern seen on Dalitz plot of B - h'*h*h™ , h =K, n

Dalitz plot analysis needed to shed more light on understanding nature of these CPV
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statistics than previous B-factory analyses, has been performed

« Now, amplitude analyses of BY » t*n*n~ and Bt » n*K*K~ , with much larger



CPYV over Dalitz plot

PRD 90 (2014) 112004

* Two competitive contributions needed to have CPV

A — ale’i(51+¢1) + a26’i(52+¢2) A = ale’i(51—¢1) i a26’i(52—¢2)

_ AP 1A
AR+ A2

Acp 0.¢ sin(51 — 52) sin(¢1 — (ﬁz)

* Distributions over PHSP offer possibilities to exam different sources of CPV
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Dalitz plot analysis with CPV

* Amplitude with CPV is modelled as
A(P3) = Z A;(P3) = Y ciFi(®3)| Strong dynamics
1 )

A((i)g) — \E,‘ Fi(q)g) Strong + weak

7
 (CPV then described as
ci = (i + Ax;) +i(y; + Ay;)
C; = (CCZ — sz) —+ Z(yz — Ayz)
* (bservables:

o LABAP ¢ [ AP, [0l () — [ 1A (0
C [dDs|A(D3) ] + [ dDs|A(P3)[? T [dDs|Ai(D3)]2 + [ ds|Ai(®3))2




DalitZ plOt analySiS With B — KKT( PRD 90 (2014) 112004

arXiv:1905.09244

3 fb-!

* Global CPV observed previous: A, = —0.123 +£ 0.017 £ 0.012 £ 0.007

R |

o T L T T T SMedel T

S LHCb | el

[05 0.8 - .t +=:Combinatorial |

= | = Bg—4-body

o 06 - | —B-4-body

< | TLuBSSKKK

~ 04} - |=B-KTT

S 02 ]

o

g

O

0S1 52 53 54 55 5.1 52 53 54 55
m(m K'K") [GeV/c?] m(m'K'K") [GeV/c?]

* Clear CPV found over different regions of Dalitz plot
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Results: K1t resonances

arXiv:1905.09244

e Resonant contributions:

Contribution Fit Fraction(%) Acp(%)
K+ (892) 75L£06L05 +I23L 87L 45
KS‘(1430)0 454+07+1.2 +10.4 +£149+ 8.8
Single pole 323+15+4.1 —10.7+ 53+ 35
p(1450 30.74+1.2+0.9 —109+ 44+ 24
— H(1270) TI08L07 1267 L102L 48
Rescattering 16.4 £0.84+1.0 —66.4+ 3.8+ 1.9
¢(1020) 0.34+£0.1+£0.1 +9.8 +£43.6 + 26.6
K7 non-resonance modelled by NI 4 sw E
g soé :2(}:935: ]
s\ 1 S wf S
Asource — (1 + p) £ f E
i : m? ﬂ; [GeV¥c4]
S = m2:}: &
Tt KT X
>
A =1GeV/c? :
Phys. Rev. D 92 (2015) 054010 5

3
2 2, 4
III”_KJr [GeV7/c?]



Results: KK resonances

e Resonant contributions:

Contribution Fit Fraction(%) Acp(%)
K*(892)" 75x£06x05 4123+ 87+ 45
K} (1430)° 45+07+£12 +10.4+149+ 838
Single pole 323+15+4.1 —10.7+ 53+ 35
| p(1450 307+1.2+09| —-109+ 44+ 24
| »(1270) 5F+0.8F0. +26.7 +£10.2 + 4.8
Rescattering 16.4 £0.84+1.0 —66.4+ 3.8+ 1.9
¢(1020) 0.3+0.14+0.1 +9.8 +£43.6 +26.6

* KK non-resonance modelled by rescattering model

i I

Arescattering — (]— + A2

Phys. Rev. D 71 (2005) 074016

e CPV as larger as —66.4%, largest CPV found in

a single decay

arXiv:1905.09244
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A B Daa
m— B Model -
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3
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V' B Data
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LHCb-PAPER-2019-018

Dalitz plot analysis with B - TTIT ~ uuceseanar

3 bl
* Dalitz plot analysis with 20594 + 1569 events

LHCb
Preliminary

LHCb
Preliminary

o 2 4 6 8 10 12 14 0 12 14
mi,, [GeV?/c'] mi . [GeV?/c?]

e Resonant contributions:

p-w, f,(500), f,(980) region: S-P wave interference
f>,(1270) region: D-S, P wave interference

High mass: KK-mmr rescattering



S-W ave descrip tiOn LHCb-PAPER-2019-017

LHCb-PAPER-2019-018

- General agreed descriptions (RBW, GS) for zz P- and D-waves;
- More complicated zz S-wave, modeled in three different approaches:

- Isobar model: different S-wave contributions are explicitly modeled:

fo(500): RBW, complex pole parameterization T, (mys) = 1

2 2
ms; — Mmijg

f0(980): Flatte parametrization

. PRD 71 (2005) 054030
non-resonant: flat, Belle model, re-scattering model etc

—anrm2, i6"" —Qnrm2, 60T T (m ) = a” eianr
an(m137m23) - cnr(e nrseTl 4-e T8 eT2 )) n 13 1 + m%3
A2

PRL 96 (2006) 251803 arXiv:hep-ph/1506.08332

- K-Matrix approach: 5 poles and 5 decay channels; parameters from global fit to

previous data while production vector parameters from fit to data
EPJA 16 (2003) 229

- Model independent approach (QMI): zz S-wave binned into 13 bins;
amplitudes in each bin obtained from fit to data (26 free parameters)



S -W ave re S UItS LHCb-PAPER-2019-017

LHCb-PAPER-2019-018

* Good agreement between the three approaches

o o5 T T T T T ] —_ T T
=< — 150} .
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m(n T~ ) [GeV/c?] m(r ™) [GeV/c?]

* Similar CPV pattern for the three approaches, as large as 10 o

|sobar KMatrix QMI
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B — 1t results

e Fit fractions:

LHCb-PAPER-2019-017
LHCb-PAPER-2019-018

Component Isobar K-matrix QMI

,0(770)0 590.0 0.6 0.7 2.5 06.5 0.7 £1.5 £3.1 04.8 £1.0 £1.9 +£1.0

w(782) 0.50 + 0.03 + 0.03 4 0.04 0.47 £0.04 +0.01 + 0.03 0.57 £0.10 =2 0.12 £ 0.12

f2(1270) 90 £03 08 +£14 93 £04 +£06 +£24 96 £04 £+£0.7 £3.9

p(1450)0 52 £0.3 £04 +1.9 10.5 0.7 £0.8 +4.5 74 £05 £39 +1.1

p3(1690)° 0.5 £0.1 +£0.1 +0.4 1.5 +£0.1 +0.1 +0.4 1.0 £0.1 +£05 +0.1

S-wave 20,4 0.5 0.7 £3.6 2.7 £0.6 2.6 =14 26,8 £0.7 2.0 £1.0

* Dominant contributions from S-wave and p(770)

* CP asymmetries:
Component Isobar K-matrix QMI
,0(770)O +0.7+ 1.1+ 1.2+ 1.5 +4.24+ 1.5+ 264+ 5.8 +4.4+ 1.7+ 23+ 1.6
w(782) —484+ 6.5+ 6.6+ 3.5 —6.24+ 844+ 56+ 8.1 —79+165+14.2+ 7.0
f2(1270) +46.84+ 6.1+ 3.6+ 44 44284+ 414+ 214+ 89 +376+ 44+ 6.0+ 5.2
p(1450)° ~12.94+ 334 7.0£357 +9.0+ 6.0+£10.8+457 —155+ 7.34+14.3+32.2
p3(1690)0 —80.1+1144+13.54+24.1 —-35.7£108+ 85+£359 —-93.2+ 6.8+ 8.0+£38.1
S-wave +144+ 1.8+ 214+ 1.9 4158+ 26+ 2.1+ 6.9 41504+ 2.7+ 424+ 7.0

« Large CPV from S-wave and f,(1270), not p(770)

* First observation of large CPV in decays with tensor



N eW C PV p atte rn LHCb-PAPER-2019-017

LHCb-PAPER-2019-018

« CPV around p(770) pole well described by the three S-wave models

&_&; 200¢ -=-= lIsobar e Qmi N': 200 — -=-= lIsobar e QmI ]
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g 150 K-Matrix + Data E 150 L + K-Matrix + Data |
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* Over 250 significance for CPV due to -

S-P interference, first observation

* Sign-flip due to phase change and

COSs
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The next CPV

CPV has not yet been found in baryon decays

Nature Physics 13 (2017) 391

We saw first evidence of 3.30 2 years ago in A, — p3m using triple products

- LHCb Scheme A _ s LHCb Scheme B ]
< 20[% ] < 20f :
— - N — - up
2 0 ;“""ﬂ"'@"'i""i""'g """" FogE n  OfF—fg gy
2 20 £ £ 20p - 2 -
é Coapot df=279/12 - = -0 al 4 \2/ndf=20.7/10 E
Z 20: —: ; 20: ; ?
< 1 $ 33 3§ ] < s o

0 j}""‘"i"'t """"""""" A 3 Of--4--4 I LT
20f : 20} :

L eal M Xndf=21.1/12 - - e al 2 X?/ndf=30.5/10 E

5 10 1 2 3
Phase space bin 191 [rad]

Binning based on resonant

structures, e.g. p(770), N*, A+ Binning based on ¢ angle

* Searches are performed extensively in LHCb, including A, — p3m, Ay = pKsm (a CPV
as large as 20% is predicted in arXiv:1412.1899)



Conclusion

* Plenty of interesting CPV measurements in B decays performed by the
LHCb experiments, shedding new lights on our understanding of underlying
dynamics

* One of the key goals of LHCD is to search for New physics through
precision measurements. New physics may appear anywhere, maybe in
flavor sector in year 202x
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