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* Dedicated flavor experiment at CERN for b, ¢ hadrons
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A Dedicated LHC Collider Beauty Experiment

for Precision Measurements of CP-Violation
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lLHCb data

* pp collisions at+/s = 7, 8,13,13.6TeV, [ L =10fb~!

* All species produced with large rates
o(pp - bbX,13TeV) ~ 0.5ub  B*:B%B:A) ~ 4:4:1:2
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CP violation

in the SM and beyond

* Origin of matter and antimatter asymmetry in Universe

Sakharov <

~ Baryon-violation

C and CP violation

\_ Out of thermal equilibrium Matter Anti-matter

e CKM mechanism

Mass eigenstates (to Higgs) «—— flavor eigenstates (to EW bosons)

|Vud|
VCKM — —| Vcd|

|th|e

Four independent parameters due to unitarity
3 rotation angles + 1 phase
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The only established CPV
source, but insufficient




Measurement of direct CP

violation

* Interference to probe phases

Strong phase difference

Weak phase difference
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» Tree diagrams (y-measurements)
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» Tree + loop diagrams (CKM, new physics)
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Test CKM mechanism and search for new physics (CP sources)
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(Quasi)Two body decays
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Understanding the amplitudes




The B® » m¥n~ decay

* Time dependent asymmetry
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 Penguin polluting to a(¢,) angle measurement
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CPVinB® - 771~ decay JHEP 03 (2021) 075

Time dependent asymmetry ol u l 1 ]
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CPVin B! - KTK~ decay

JHEP 03 (2021) 075

Time dependent asymmetry
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JHEP 03 (2021) 075

lDlrect CPV 1n B - Km system PRL 126 (2021) 091502

* Isospin symmetry and neglecting “sub-leading” diagrams implies
AE = Ap(B® > K*n™) —Acp(BYT > K™% = 0

Experiment: AAST # 0 at 5.50, so called “K7” puzzle
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Direct CPVin BY - K~ n™

JHEP 03 (2021) 075
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Violation of SU(3) and/or

underestimated contributions ?

b — d decay, large CPV observed

Acp(BY > K~mt) = 0.236 + 0.013 + 0.011

Test the U-spin (d-s) symmetry:  PLB621(2005)126
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Nonzero at 20
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Reanalysis in Chin.Phys.C 46 (2022) 12




CPVin quasi B = V(- PP)P decays

max min

e Interference between B - VP and B —» SP 2miign — (Mhign) __+ (Mhign) )79,
Vv

036 = (mleigh) - (mleigh)
Mi = aifv(mlow) cos 6 + aifs(mlow)

X |ai |2 cos? 0 + Zpiv cos B + pi May be polluted by higher waves

d cos @

: 2 : :
* Extraction of |aK| through angle analysis of resonance region PRD106(2022)113002
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Quasi B* — P*V decays: one diagram dominating
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Quasi B* — P*V decays: one diagram dominating
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.K — 1 puzzle for PP,V P, PV decays

PDG

B - Kr B-K'rm B - Kp Main diagrams
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Three body decays
B > hih,h;

é ; Importance of strong phase

%ﬁiﬁpm e 2 Ao/ Ay sin(3: — 8) sin( — é)
P =11 | A/ A1|? + 2| A2/ A1| cos(d1 — d2) cos(p1 — ¢2)

Detector mq5:MmMq3




CPV in BT —» h1i hz$ hgi PRD108(2023)012008
Global CPV
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Large localized CPV:

patterns

PRD108(2023)012008
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Localized CPV: dynamics PRD108(2023)012008

e Acp inttm™ <> K+K ™ rescattering region
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Localized CPV: dynamics PRD108(2023)012008

* Acp 1n charmonium region

» Interference of y.o with b = uuid amplitudes
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B* - ntn~ ™ amplitude analysis PRD 101 (2020) 012006

Sum of amplitudes: A*(mi;,mi;) =) ¢ F;(mi;, m3y)
j=1

= Tl ————
&: 16800 ; —_— NQ LHCb -—— |sobar - Qml
| ‘ - snaa 0.8 K-Matri D 1
§ 1600 R % atrix + Data
&5 1400 | QM| O 0.6 ’
g 1200 "j* —— Bt K*tnta~ (x10) | § 0.4 1270 |
S Combinatorial | = ' ]l fa( ) ’
< 1000; | 1 + Data i D2 fH“.Hj r++ﬂjf
= & . I Lt A VTR LT
s 800 A Low mass region g 0.0 + +#IT TL#};F{#_#_ _________ _Iﬂ,‘Lﬂ I “H;}-.
5} ¥ | @ ¥ - * sl
E 600! (a) . &% f2(1270) e E _o2! { + \lll{l 4{“ .
< 400 ! h! J % 04 S-wave
ey + —-0U. L
S 200 - i = (c)
“JM‘ —— -0.6 : : : ; .
o) = S e— J s 0.4 06 0.8 1.0 1.2 14 16 1.8 2.0 2.2
Miow [GeV/cz]
Component Isobar
p(770)° 407+ 1.1+ 06+ 1.5
w(782 48+ 6.5 + 35
£2(1270) +468+ 6.1+ 15+ 44

Components and A¢p(cj) — | |
p3(1690)0 — 86+ 24.1
S-wave +144+ 18+ 1.0+ 1.9




B* - ntTK~ K™ amplitude analysis PRL 123 (2019) 231802
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Baryonic B decays



‘Charmless baryonic decays

* A few interesting properties %Z’: y
» Two-body suppressed compared to B - MM decays b 4 b [
(a) (b)

QO X <

B(B® - pp) = (1.25 + 0.32)x1078 B(B* - A%) = (2.4732 + 0.3)x1077

~ 0.01XB(B - mm) ~ 0.01XB(B - Km)
i ; S 4 - '
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PRL119 (2017) 232001 JHEP 04 (2017) 162



‘Charmless baryonic decays

* A few interesting properties
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» Two-body suppressed compared to B - MM decays b%X

» Threshold enhancement
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‘Charmless baryonic decays

» Threshold enhancement
» Forward-backward asymmetry

A few interesting properties ‘/{Z’: yj’d
» Two-body suppressed compared to B - MM decays b 4 b [
(a) (b)
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‘Charmless baryonic decays

» Threshold enhancement

A few interesting properties %Z’: y
» Two-body suppressed compared to B - MM decays b . b [ [
» Forward-backward asymmetry (Xa) 4}

Predications very difficult , , o
Hints at interferences, CP violation?

1Yy 4 —
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n U * ppK" ty ¢ S sof- 4
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PRL 113 (2014) 141801 Evidence of local CPV




CPV 1n beauty baryons

A new area for weak/strong dynamics




CPV 1n baryon decays

* Baryonic CPV not observed, despite similar quark-level process as meson decays

Acp(A) » pK~) = —0.020 £ 0.023  Mesons:

Acp(A) - pr~) = —0.035+ 0.029  Acp(B’ » K'n™) = —0.0834
cp(Ap — p”) - Acp(BO - K~m*) = 0.236

Two-body decays:

Phys. Lett. B784 (2018) 124
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CPVinE, - pK~ K™ decays

PRD 104 (2021) 052010

e Charmless b — s transition

* Amplitude analysis with 6 resonances
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CPV in A%, Eg — phhh decays EPJIC 79 (2019) 745
» Six decay modes from 0.5-10K signals (3 fb™1) Ay > prmta

50 s pK-ntn A) = pK 7t
‘_40—>pK Tt K- A — pK~ Ktn~

 Abundant resonant structures
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Global and local A-p around resonances studied, relative to CKM favored modes

CP( A0 ) — - : .
AAT(A, 5 prota”) = (+11£25£06)%  Vyijth ~ 19 experimental precision, no
AAPC(AN) — pK—nrn™) = (+3.2+£ 1.1+ 0.6

) = ) % :
AAP(AQ — pK-K*n-) = (<69 £49+0.8) %  cvidenceof Acp
AAP(NO 5 pK-K+K-) = (40.2 + 1.8+ 0.6) % Rule out CP violation > 5%
AAC(E) 5 pK ™) = (=17 £ 11+ 1)%
) ) %

» Strong phase too small?
AAP(E) - pK—77K~) = (—6.84+8.0£0.8

’ > One diagram dominates?



CPV 1n A% - pﬂ_ﬂ+7'[_ decays PRD 102 (2020) 051101

* Triple product ¢z =B, (Brp ¥Put) Cr = By - (Bt XPr-)
e Triple product asymmetry: A+ = (Cz), Az = (—C%)

CP violating: acp = (A7 — A7)/2 = (—0.7 + 0.7 + 0.2)%

No strong CP violation globally or in local phase space
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‘Summary

* CP violation: probing weak and strong dynamics of SM, sensitive to new physics

* LHCDb pushes CP violation in b-decays to new frontier

» Two-body decays: test of SU(3), studies of decay topologies
» Three-body decays: CPV from hadronic interferences, extracting strong/weak phases

» B baryonic decays: puzzles and opportunities

» CPYV in baryon decays: unique to LHCb, new information

Results with full Runl/2 data expected in coming year(s)

Precisions; 3/4-body amplitudes; baryonic dec

Run3 data are accumulating

CKM global test/constraints

and
Search for new physics
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Backup slides



Histroy of CPV

LHC experiments

2001 2004 2013 2020
Beauty particles:Time- Beauty particles: Time- Beauty-strange particles: Beauty-strange particles:

dependent CP violation integrated CP violation in Time-integrated CP Time-dependent CP
in B meson decays B° meson decays violation in B? meson violation in B? meson

BaBar and Belle BaBar and Belle decays decays
collaborations collaborations LHCb collaboration LHCDb collaboration

1

BREAKTHROUGH

1964

Strange particles: CP 1999, 2001 2012 2019
violation in K meson Strange particles: CP Beauty particles: Charm particles: CP

decays . _ violation in decay CP violation in B* violation in D°
J. W. Cronin, V. L. Fitch KTeV and NA4S meson decays meson decays
etal. collaborations LHCDb collaboration LHCDb collaboration



‘Global analysis of CKM mechanism (4 parameters)

When LHC started Current status

/ B<0
Befauttytoe Y ( CL>0.95) — Y
1 | [ | | A V] _1.5|||||||||||||||||||||||||||||
10 -0.5 0.0 0.5 1.0 15 2.0 1.0 0.5 0.0 0.5 1.0 1.5 2.0

A =0.826%0018 21 =10.22500+0.00067 P =0.159+0.010 n=0.348+0.010
a+pB+y=017346)°




Quark mixing matrix

~ d S b ™~
- — Z ]
I\'quclear physics | k Kaon physics | B -
K\\p \W T
Vekm = 5 ﬁ<ﬂl 7
D Charm physws
T T~ n - T~D
eauty physics -
sl
B
— b _
Standard parameterization: 84,, 0813, 653,¥ Wolfenstein parameterization: p,n, 4, A

Fundamental parameters of SM, core to flavor physics

Test of universality: V;;Vj, = 0 (i # k), 1(i = k)




S — P wave interference PR 1o G0m0) o100

PRD 101 (2020) 012006

« Evaluation of strong phase in Breit-Wigner with energy +/s

Acp < cos @x(m2 — s)x(m% — s) ...+ |[BWp|? cos? 6+ |BW|?

Acp 1n bins of invariant mass
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CKM matrix up to A°

( 1,2 144 3 )
V., V.. V, 1 =547 =54 A A2 (p — i)
VCKM = Vcd Vcs Vcb =|-4 + %Azlls[l - 2(p + ”1)] 1- %/12 - %/14(1 + 4A2) Alz <+ @(/16)
Vi Vie Vi \ A1 -1 =2 (p+in)] -AA%+ %A,I“[l =2p+in] 1- %A%ﬁ )
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LHCb Upgrade I sensitivities

Table 10.1: Summary of prospects for future measurements of selected flavour observables. The projected LHCD sensitivities take no account of potent
detector improvements, apart from in the trigger. Unless indicated otherwise the Belle-IT sensitivies are taken from Ref. [568].

Observable Current LHCb LHCb 2025 Belle 11 Upgrade 11 GPDs Phase 11
EW Penguins

Rk (1 < ¢* < 6GeV3c?) 0.1 [255] 0.022 0.036 0.006

R+ (1 < ¢* < 6GeV3ch) 0.1 [254] 0.029 0.032 0.008 ~

Rg‘)* Rpl\' 3 -Rﬂ'

0.07, 0.04, 0.11

0.02, 0.01, 0.03

0 < 1%

CKM tests

v, with B - Df K~ (30 [124] 4° 1e

7, all modes (122)° [152] 1.5 1.5° 0.35° .

sin 283, with BY — J/¢K? 0.04 [569] 0.011 0.005 0.003 Uncertalnty
¢s, with BY — J /¢ 49 mrad [32] 14 mrad 4 mrad 22 mrad [570]

¢s, with B = DD 170 mrad [37] 35 mrad 9 mrad reduced by
%%, with BY — ¢¢ 150 mrad [571] 60 mrad 17 mrad  Under study [572]

a%) 33 x 10~* [193] 10 x 10~ , 3% 1074 factor ~10
Vs /|Via| 6% [186] 3% 1% 1% .

B, B’ —utp—

BB — putp~)/B(BY — putu) 90% (244] 34% 10% 21% [573]

TB&'—) - 22(% [2—1—1] 8% 2% 0

il 02 1% level

b — cl” 1y, LUV studies Ta1

R(D*) 9% [199,202] 3% 2% 1% ~ precision
R(J/v) 25% [202] 8% 2%

Charm c o .
AAcp(KK — ) 8.5 x 10~ [574] 1.7 x 10~ 5.4 x 10~ 3.0 x 107 ngh precision
Ap (= xsin¢) 2.8 x 10~ [222] 48 o 107 8.5 s 107 1:0% 10=" .

v sin ¢ from DO — K+~ 13 x 10~1 [210] 3.2 x 10~ 4.6 x 1074 8.0 x 10~° charm thSlCS

xsin ¢ from multibody decays (K3m) 4.0 x 107° (K277) 1.2 x10™* (K3x) 8.0 x 1076




