Results on decays and

CP violation from LHCb

Ao Xu (#FH#)
INFN Pisa

on behalf of the LHCb collaboration

HADRON 2023
June 5-9, Genova

e G



Overview

m Direct CP violation in three-body charm decays

¢ D?;) — KTKTK* [arXiv:2303.04062]
L4 DO — 7T+7T_7T0 [LHCb-PAPER-2023-005 in preparation]

m CKM angles in beauty decays

® sin QB from BO — wK(S) [LHCb-PAPER-2023-013 in preparation]
L4 d)s from B(SJ — J/’(b K+ K_ [LHCb-PAPER-2023-016 in preparation]
® ¢ from Bg — o [arXiv:2304.06198]
® from B — [K+ K_’/TJr’lT_]D hE [arXiv:2301.10328]
® Branching fractions of B?S) — D(*)O¢ [LHCb-PAPER-2023-003 in preparation]

m Spectroscopy in hadron decays covered by other LHCb talks

® Conventional meson [rim cershon] and baryon (zninao xu

° EXOth hadI’OnS [Elisabetta Spadaro Norella], [Yanxi Zhang], [Mindaugas Sarpis], [Bo Fang]
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LHCb detector

m A single—arm forward spectrometer at LHC  insT 3 (2008) s08005] [15MPA 30 (2015) 1530022]
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Direct CP violation in three-body charm decay

m Direct CP violation corresponds to

|Af|2 |A f\ 2 2 2 :
———— 0= |A A =2 AillA; o — i
|Af|2 |A ‘2 | fl ‘ f'| | H |S|n( )Sln( ¢J)
m CP violation in charm hadrons only established recently

e Difference in time-integrated CP asymmetries of D° — 7t7~ and
D — KK~
® Evidence for CP asymmetry of D° — ntn~

[PRL 122 211803]

[arXiv:2209.03179]
® No broad consensus whether BSM contributions are required

m Three-body decays provide enhanced sensitivity in localised regions

® Variation of strong phase across Dalitz plot
® Model independent methods

> Statistical test

» Reduce systematic uncertainty on describing the resonant structure
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://arxiv.org/abs/2209.03179

Search for CP violation in D, — K- KT KT

(S) [arXiv:2303.04062]
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m Cabbibo-suppressed Dz;) decays LHCb Run 2 1
m Signal purity 64% (D) and 78% (D™)
m Model-independent binned techinique

® Dalitz plot binning scheme: avoid potential

sign-changing of CP asymmetry
® Two-sample x? test
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https://arxiv.org/abs/2303.04062

Search for CP violation in D, — K- KT KT

(S) [arXiv:2303.04062]

m No evidence for CP violation

p-value(Df — K~ KT K') = 13.3%

p-value(DT — K~ KTK*) = 31.6% P et
® p-value variations checked with gn T e B
Cabbibo-favored D — K~ K+ and EE .
Dt — K-rTr™ decay L8 T
e different invariant-mass fit models 16 ?1
¢ different binning scheme Ll Dt N>
N

| f | . |
1 12 14 16 18
Siow [GeV?]
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https://arxiv.org/abs/2303.04062

Search for CP violation in D° — 77— 70

[LHCb-PAPER-2023-005 in preparation]

Cabbibo-suppressed D° decays LHCb Run 2
® 4x LHCb Run 1 data (pie 2014 11 043

Flavour tagged with D*t — D7+
Purity 81% (91%) for resolved (merged) 7°

Equalisation procedure

® Magnetic polarity
® Fraction of merged and resolved 7°
Model-independent unbinned technique
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https://www.sciencedirect.com/science/article/pii/S0370269314008454?via%3Dihub

0

. . . + —
Search for CP violation in D? — T ™70, oaver 200505 s st

x10°
T T T T
= No evidence for local CP violation P D T
Preliminary
p-value = 62% 3

® Cross-checks with D° — K~ 770 decay £2°F ]
® background-dominated samples Lop E
® pseudoexperiments T R TR T

[T-value x10°]
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Angles of CKM unitarity triangle

[CKMFITTER GROUP]
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http://ckmfitter.in2p3.fr/www/results/plots_spring21/ckm_res_spring21.html#etiquette0

Measurements of 35 with time-dependent analysis

m Neutral B meson decays into CP eigenstates

Aco(t) r (B?s) - f) =T <B(()s) - f) 5?( ) sin (Amd t) f(s cos (Amd(s)t)
cp(t) = = .
r (,-3?5) 5 ,c> ir (B(()s) . f> cosh (AT yqt/2) + DY sinh (AT 45t/2)
® b — ccs: golden channels

> sin24 from B® — ¢ kS
> ¢ from B — Ji KK

® h — sss: penguin-dominated decay
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sin23 from b — ccs

m CKM angle 8 known to a high precision

® Clean experimental signature of B® — ¢ K? decay
® Srxsin20

[EPJC81 (2021) 226]

sin(2¢,) LA b-ces Cp rAr

sin(2[3)

BaBar J/y Kg 0,657 +0.036 + 0.012 BaBar J/y Kg 0,026 +0.025 0,016
PRD 79 (2009) 072009 r PRD 79 (2009) 072009

BaBar J/y K 0.694 £ 0.061 +Q.031 BaBar J/iy K -0.033 £ 0.050 + 0.027
PRD 79 (2009) 072008 PRD 79 (2009) 072005

BaBar ((25) K¢ 0.897+0.100 £ 036 BaBar ((25) K¢ 0.089 £ 0.076£0.020
PRD 79 (2009) 072009 PRD 79 (2009) 072009

Belle J/y Ky | 0.670 +0.029 + 0.013 Belle J/y K, 0.015+0.021 952
PRL 108 (2012) 171802 PRL 108 (20\2) 171802

Belle JAp K 0.642 + 0.047 + 0.021 Belle JAp K -0.019+0.026 *3511
PRL 108 (2012) 171802 PRL 108 (2012) 171802

Belle y(2S) K¢ 0.718:+0.090 + 0.031 Eel\g 29) Kq, -0.104 £ 0.055 557
PRD 77 (2008) 091103(R) RL 108 (2012) 171802

LHCb J/p K 0.750 £ 4,040 LHCb J/p Ky -0.014£0.030
JHEP 11 (2017) 170 = JHEP 11 (2017) 170

LHCb p(28) K 0.840 £ 0,100  0.010 LHCb y(28) K, -0.050 £ 0.100 £ 0.010
JHEP 11 (2017) 170 JHEP 11 (2017) 170

World Average L 0699+4017 World Average -0.005 £ 0.015
HFLAV HFLAV

0.4 0.5 0.6 0.7 0.8 0.9 1 -0.2 -0.1 0 0.1 0.2
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https://link.springer.com/article/10.1140/epjc/s10052-020-8156-7

sin2/3 from B® — ¢ K?°

[LHCb-PAPER-2023-013 in preparation]

Preliminary

2)

m Three decay modes LHCb Run 2 data
o BY — J(— pu)Ke 306K
¢ B = y(25)(— up)K® 24K
e B — Jip(— ee)KC 43K

Candidates / (2 MeV/c

W

! L L1 L L 1 L

I T R T R ]
KO MoV /2

m(wKY MeV/c

m Selection improved w.r.t. Run 1

m Flavour tagging calibrated with
B® — Jhp K* and B — Jhp KT

m Correct decay-time distribution for

andidates / 0.0592 ps

C

00k

g

detector misalignment biases
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Sln 2/3 from BO % LZYKS [LHCb-PAPER-2023-013 in preparation]

T " Preliminary—
€ on Preliminary =",
m Time-dependent CP asymmetry

L. 6fb71

Syx0 = 0.7158 £0.0133 (stat) £0.0078 (syst) iy,

C, ko =0.0120 + 0.0123 (stat) =+ 0.0029 (syst) I L T

S ] 2 P G g 10 1 Hr[\»J

® Most precise single measurement of . .

p g B sin(2p) = sin(2¢,) FE20
® Dominate the world average TR — ST om0
e Consistent between three modes PR 8 b s S o

B e e
m Consider contributions of penguin PRt e ]
Belle Jy K| 0.642 = 0.047 = 0,021
. . . PRL 108 (2012) 171802 "+
diagrams when converting to sin 23 By
: gLl e
® Measurements from penguin-free LHGD Fun 1 25 K,
JHEP 11 (2017) 170
b — cud transitions helpful e ko 1 O
LHCb Run 2 y(28) K, 0647 = 0.053 = 0.018
LHCb-PAPER-2023-013'
World Average L 0708+ 0,011
HFLAV
0.4 0.5 0.6 0.7 0.8 0.9 1
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¢s from b — ccs

m Indirect measurement ¢ = 0.036810-0006

—0.0009 [PRD84 2011 033005, updated with Spring 2021 results]

m Direct measurement ¢< = 0.049 + 0.019

[HFLAV2021]

HFLAV

DO 8 b~
68% CL contours

(Alog £ =1.15)

Ar&s[ps™]

0.11 -~ CMS 116.1 fb~!
SM no penguins
CDF 9.6 fb

LHCb 4.9 fb~?!
0.07

0.5 0.3 0.1 0.1 03
¢<rad]

Ao Xu, INFN Pisa HADRON2023 14/25



¢s from BY — Jhp KTK~

[LHCb-PAPER-2023-016 in preparation]

COES T T A T T
S: A Preliminary LHCb Run 2,6 b 3
. = 10°g E
m Legacy analysis of LHCb Run 2 data = ¢ .. ]
C 10’ ~
> F / \ 3
m m(KTK™) in the vicinity of ¢(1020) £« /4 b 0.35M
3 E '._ —T.nta it N 3
m Flavour tagging calibrated with S e L meeond T
1 ., - B U E
B — Dfnt and BY — Jyp KT FaweE 3
104 L Il
. . . . 5200 5400 5500
m Correct decay-time distribution for m(hy KK [MeV/?]

detector misalignment biases

m Weighted simultaneous fit to decay
time and decay angles
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¢5 from B(S) —> "j/,g/J K+ K_ [LHCb-PAPER-2023-016 in preparation]

¢s = —0.039 + 0.022 (stat) =+ 0.006 (syst) rad
AT = 0.084879:9%% (stat) +0.0024 (syst) ps~*

I +0.0013 -1
Fe—Tyqg 0.00597 ) go1a (stat) 4-0.0014 (syst) ps Preliminary

LHCh ]

m Most precise single
measurements

m Consistent with SM
expectations

m Supersede LHCb

measurement with
2015-16 data [EPJC79 2019 706]
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[arXiv:2304.06198]

m Penguin-dominated decay via b — sss
® Benchmark FCNC channel

m Same analysis technique as b — ccs
m Results from simultaneous fit

¢ = —0.042 £ 0.075 (stat) =+ 0.009 (syst) rad
|A] = 1.004 + 0.030 (stat) = 0.009 (syst)

® Most precise measurement with
penguin-dominated decay
® Consistent with SM expectation

® No significant polarisation dependence

Ao Xu, INFN Pisa HADRON2023
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https://arxiv.org/abs/2304.06198

CKM angle v from B — DK

1-CL

o
m Y= (65941%?) [arXiv:2206.07501]

m Favoured b — cus and suppressed

b — uGs transitions

m Interference occurs when D

decays to a common final state

95.4% 7

200
y [

o

m LHCb has pursued this strategy with a wide range of D final states

® K, Kmmm, mmmm
* KOKm, K2hh

® hhr

e Bt - DHpE

Ao Xu, INFN Pisa

HADRON2023

[PLB760 (2016) 117], [arXiv:2209.03692]

[JHEPO6 (2020) 58], [JHEP 02 (2021) 0169]

[JHEP 07 (2022) 099]

[JHEP 04 (2021) 081]
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https://www.sciencedirect.com/science/article/pii/S0370269316302751?via%3Dihub
https://arxiv.org/abs/2209.03692
https://link.springer.com/article/10.1007/JHEP06(2020)058
https://link.springer.com/article/10.1007/JHEP02(2021)169
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v from B — [KTK ntn ], h*

[arXiv:2301.10328]

m h= K, 7 with LHCb Run 1 and 2

i shwl 3K
m Binning scheme of (Adp, rp) i -
® Minimise dilution of strong phases § * 5
® Maximise interference effects e el
. H w0 LHCb ‘2\:3@0 LHCb
m CP-violating observables from 3 .k e ) 44K
. . . ] 2000 & 2000}
measurement of yields in bins of . £ 10
phase space i L
Fit result (x102) T ot o) e
xPK  7.0+£2.9 (stat) +0.4 (syst) +0.4 5: ' g
yPK —3.343.4 (stat) +0.4 (syst) +3.6 s 2
22
XDK 12,5+ 2.5 (stat) +0.3 (syst) +1.7 ;
yPK —4.2+3.1 (stat) £0.3 (syst) +1.3 s
2
xgT  —3.1£3.5 (stat) +£0.7 (syst) £0.1 |
yP™  —1.74+4.7 (stat) +0.6 (syst) +1.1 - A, [rad]
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https://arxiv.org/abs/2301.10328

Ao Xu,

v from B — [KTK ntn ], h*

[arXiv:2301.10328]

m Interpretation in terms of underlying
physics parameters

v = (11632)"
o = (e17%3)°,
( )"

7 and 85 consistent with other channels

K _ +0.020
rLB) _0'11070.020

rgﬂ — 0.0041+0.0054

+62
298 —0.0041

‘51[3)7r = —118
within 30
Good agreement for r5X, 587 2~
Model-independent determination can be
achieved with future measurement of
D-meson strong-phase parameters from
BESIII
Measurements integrated over phase

[CPC44 (2020) 040001]

space also performed

INFN Pisa HADRON2023

[ PSintegrated
[ Binned
[0 LHCb 2021

100
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https://iopscience.iop.org/article/10.1088/1674-1137/44/4/040001
https://arxiv.org/abs/2301.10328

[LHCb-PAPER-2023-003 in preparation]

Branching fractions of B?S) — D)0

m Evidence for B® — D®*)%% with LHCb Run 1 and 2 data
B(B® — D) = (7.74£2.1 (stat) £ 0.7 (syst) +0.7 (ext) ) x 1077
B(B® — D*¢) = (2240.5 (stat) +0.2 (syst) 0.2 (ext) ) x 107°

m Update branching fraction of B — D)0
B (B} — D°¢) = (230 +0.10 (stat) +0.11 (syst) +0.20 (ext) ) x 10~°

B (B — D) = (3.17 £ 0.16 (stat) +0.17 (syst) =+ 0.27 (ext) ) x 107°

® Sensitivity to v: 8-19°

Entries / (2 MeV/c?)

Ao Xu, INFN Pisa

[CPC45 (2021) 023003]

Preliminary
— T T T
<, 250F LHCb 4 D E
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z £ e BT
= 200
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— 150 — — Low mass bkg -
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£ 100F B0 g mansverse ]
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m 50 E Total E
L ! — " opp===== i ’ .
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https://iopscience.iop.org/article/10.1088/1674-1137/abd16d

LHCb upgrades

m Two phases of upgrade are scheduled for the LHCb detector

® Boost of statistics

LHC Run Period Vs Instantaneous lumi.  Integrated lumi. Pile-u
[TeV ] [cm? s!] (1] P

Upgrade | 2019-2021

R 2022-2024

un 3 022-20 14 2 x 103 50 5

Run 4 2027-2030
Upgrade |1 2031

Run 5 2032 — 14 2 x 103 300 50

Ao Xu, INFN Pisa

[CERN-LHCC-2011-001, CERN-LHCC-2012-007, CERN-LHCC-2017-003, CERN-LHCC-2018-027]

HADRON2023
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Trigger-less readout

[CERN-LHCC-2011-001, CERN-LHCC-2012-007, CERN-LHCC-2017-003]

m From Upgrade | onward: trigger-less readout and fully software trigger

® Price: little sensitivity for unprepared things

® Careful plan ahead of data taking

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures

450 kHz 400 kHz 150 kHz
L& H/pp e/y

: Software High Level Trigger

.Software High Level Trlgger

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

[ Full event reconstructlon, inclusive and

cN——t ..

exclusive ki / ic

[ Partial event reconstruction, select ]

displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

L)

Buffer events to disk, perform online
detector calibration and alignment

O

Full offline-like event selection, mixture
of inclusive and exclusive triggers

12.5 kHz (0.6 GB/s) to storage

Ao Xu, INFN Pisa

Add offline precision particle identification
and track quality information to selections

~

Output full event information for i
triggers, trigger candidates and related

primary vertices for exclusive triggers

. ) J
2-5 GB/s to storage

J

HADRON2023
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Improved detector performance

[CERN-LHCC-2012-007, CERN-LHCC-2017-003]

m P resolution improved thanks to the upgrade of tracking systems
® Decrease of 5fs in decay-time resolution for B2 — Ji)¢ mode
® (Left) Upgrade I: Run 2 VS Run 3
® (Right) Upgrade Il: Scenario 1 VS Scenario 2

—_ =100
£'F ' ' B goF. LHCD simulation E
= 905 LHCb simulation E = —+ Scenarlo 1
g 80F g B0F E
£ 70f E 70F * Scenario 2 E
'S 6of 2
2
[ F e
5 20% 3
B 40 =

30f

20§

10F ) E

E — 2 I I
% 1 : % 1

2 3 2 y 3
Up, [GeV'e] Up, [GeVc]
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Summary

m Fruitful recent results of CP violation from LHCb

® Direct CP violation in three-body charm decays

® CKM angles in beauty decays

15 L e
excluded area has < 0.05 CL. [ [ excluded area has CL > 0.95 ]

[ %; ]

[ T\ ]

1F B 10— ) 4
Am, L i Amy & Amg ]

E sin2g ]
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05 - 05— |

u Sl Amy
= ol sin2By,, 1 I 00 o 3 &
N Verl M J &

05— —

05 s F g

1.0 — '\{ K -

B 3 [ e sl wicos26<0 |

H Spring 21 (excl. atCL>0.95) o

T Fos N | st
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sin2/3 from B® — ¢ K?°

m Systematic uncertainties

Ao Xu, INFN Pisa

[LHCb-PAPER-2023-013 in preparation]

Source a(S) o(C)

Fitter validation 0.0004 0.0006
AT’y uncertainty 0.0055 0.0017

FT calibration portability 0.0053 0.0001
FT Ae€iae portability 0.0014 0.0017
Decay-time bias model ~ 0.0007 0.0013

HADRON2023
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¢ from BY — Jp KT K-

[LHCb-PAPER-2023-016 in preparation]

m Systematic uncertainties

Source 2 2 bs 61 -8 6 —6 T[s—Tq ATl Ams
Mol 1AL 0y P Tl hadl (5] (ps i (et

Mass parameterization 0.04 0.03 - 0.02 0.15 0.12 0.02 0.04 -

Mass factorization 0.11 0.10 0.42 0.19 0.54 0.60 0.12 0.16 0.18
Mass: shape statistical 0.04 0.04 0.05 0.09 0.62 0.33 0.02 0.01 0.11
B contaminationl] 004 005 - 002 - 017 (0.02)  (0.07) -

f2 component 0.04 0.04 0.02 - 0.07 0.13 0.01 0.03 0.02
Clone candidates 0.07 0.04 0.02 0.10 0.18 0.18 0.02 - 0.01
Multiple candidates 0.01 - 0.27 0.22 0.90 0.41 0.01 0.01 0.24
Particle identification 0.06 0.09 0.27 0.27 1.31 0.51 0.05 0.15 0.46
Csp factors - 0.01 - 0.03 0.73 0.41 - 0.01 0.04
DTHE calibration - - 0.03 0.02 0.11 0.07 - - 0.05
DTR model applicalibity — — 0.08 0.03 0.26 0.09 — — 0.09
Time bias correction 0.04 0.05 0.06 0.05 0.77 0.11 0.03 0.05 0.44
Angular efficiency 0.05 0.14 0.25 0.32 0.42 0.44 0.01 0.02 0.13
Angular resolution 0.01 0.01 0.02 0.01 0.02 0.08 - 0.01 0.02
Kinematic weighting 0.24 0.09 0.01 0.01 0.98 0.86 0.02 0.03 0.31
Momentum uncertainty 0.08 0.04 0.04 - 0.07 0.11 0.01 - 0.13
Position uncertainty 0.07 0.04 0.04 - 0.10 0.09 0.02 - 0.31
Neglected correlations — — — — 4.20 4.96 — — —

Total syst. 0.31 0.24 0.63 0.54 4.82 5.17 0.14 0.24 0.80
Stat. 0.17 0.23 2.15 1.1 7.5 6.1 0.14 0.44 3.3

Ao Xu, INFN Pisa HADRON2023 28/25



v from B — [KTK ntn ], h*

[arXiv:2304.06198]

m Systematic uncertainties

Uncertainty (x10%)

Source gPK  yPK ifK ny I?” ?lgD"
Mass shape 0.02 0.02 0.03 0.06 0.02 0.04
Bin-dependent mass shape 0.11 0.05 0.10 0.19 0.68 0.16
PID efficiency 0.02 0.02 0.03 0.06 0.02 0.04
Low-mass background model 0.02 0.02 0.03 0.04 0.02 0.02
Charmless background 0.14 0.15 0.12 0.14 0.01 0.02
CP violation in low-mass background 0.01 0.10 0.08 0.12 0.07 0.26
Semi-leptonic b-hadron decays 0.05 0.27 0.06 0.01 0.07 0.19
Semi-leptonic charm decays 0.02 0.07 0.03 0.15 0.06 0.24
D — K¥n*rtn~ background 0.11 0.05 0.07 0.04 0.09 0.05
AY — pDm~ background 0.01 0.25 0.14 0.04 0.06 0.34
D — K¥r*rtn~n° background 0.30 0.05 0.19 0.07 0.05 0.01
Fit bias 0.06 0.05 0.13 0.02 0.06 0.13
Total LHCb systematic 0.37 043 034 0.32 0.70 0.57
Ciy Si 035 3.64 1.74 129 0.14 1.10
Total systematic 051 3.67 1.78 133 0.72 1.24
Statistical 2.87 3.40 2.51 3.05 4.24 5.17
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