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News from LHCDb

e CP violation (CPV) in charm:

OACP(DO — KTK™), September 2022 [arXiv:2209.03179]
O Local CPV search in D(JSF) — K~KTK™, March 2023 larXiv:2303.04062]

® Direct measurements of the CKM parameter y:

Owith B* — [K¥n*ntn™] D h*, September 2022 [arXiv:2209.03692]
Owith B* = [h*h~ =z n 7], h*, January 2023 [arXiv:2301.10328]
»h=K,rx

e CPV in penguin-mediated decays
O Time- and polarisation-dependent
analysis of Bf — ¢ decays, NEW!!! [LHCb-PAPER-2023-001-002]
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Charm CP violation

e Unique laboratory to study CPV in up-type quarks DY
'™
- - 0=+ @) @ @
® Predicted to be small in the Standard Model (S
O smallness of involved CKM elements 0=-1/3 ' d Ry b
O SM predictions have to face non-perturbative strong interactions WD SV
 Acp ~ 107 =107 o 0501y 110y s 774 orn 295242 K® 5% B

PRD 75 (2007) 036008]

® Direct CPV observed in March 2019 by LHCb

. . . . — 0 +r—\ 0 4+ -
O Measured value challenges first-principles QCD calculations |24ce = AcpD™ = KEK5) = Acp(D™ = 7777)

= enhancement of QCD rescattering or new physics = (=1.54 +£0.29) x 107

[PRD 99 (2019) 11, 113001][JHEP 07 (2019) 020] [JHEP 12 (2019) 104] PRL 122 (2019) 211803]
[JHEP 09 (2021) 126] [JHEP 05 (2021) 179] [arXiv:2203.04056]

> For review see: [arXiv:2011.04443v1], [arXiv:2208.05769v2]

® Further measurements are needed in the charm sector
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Measurement of ACP(DO — KTK7)

— | ' ' ' ' [ ' ' ' ' I ' ' ' 7 >|<10:? ! ! ! ' ' ' ' |
_ "L 1800 | _ - i
® New measurement with Run2 data = 1600 ;?ffﬂ DY = KK* 1 100
= 1400 - * D.ata 1 wof
) S 1200 — glt S :
- - , 3 -
oDt = Dt to tag the D° flavour - 1000 £ - I
SOft o, 800 F — |
P = 4 40
% 600 | = i
. . T 400 | 37 M 4 20[
® Raw asymmetries with ERETY: 1 0
invariant-mass fits O gk - Y 1500 1850 1900
2005 2010 2015 m(K0W+) [MeV/C2]
A(D s f) = ACP(D — f) + Adet(f) + Adet(tag) + Aprod(D) m(DOW+) [MeV/cQ] >
' ' ' v '
Raw Physical Final state  Tagging  Production
asym. CP asym. detection partic_:le asym. Run1 method [PLB767 (2017) 177]
N-N  rp-p-r-s asym.  detection Aep(D° = KTK™) = + AD™ > (D° > K*K )zt — A(D™+ > (D° > K-7H)nt)

— +A(D* > K~ r*n*) - [A(D* - K'7*) — AKK)]

® Nuisance asymmetries subtracted using
raw asym. of Cabibbo-favoured decays At ey hneihee
o Two procedures almost statistically independent v Acp(D? = K*K7) = +A(D™ —» (D’ = K*K)a*) —AD™ —» D » K~ 7")z")
> Accurate kinematic reweighting of all channels +AD} — ¢nt) — [AD} — K°KT) — AKK)]

> D(J;) — thJr is bottleneck to final precision
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http://arxiv.org/abs/2209.03179
http://arxiv.org/abs/2209.03179
https://www.sciencedirect.com/science/article/pii/S0370269317300795?via=ihub

Measurement of ACP(DO — KTK7)

Result of this analysis: [arXiv:2209.03179] g E791
0 tp— —4] Uncertainty about half of  © ; FOCUS
‘ — K ) = (6‘8 5.4+ 1’6) XIO the previous world average ¢ ! ~ |CGEO
| stat.  syst. [HFLAV] 2 - — Belle
B + BaBar
[I’ZFL 105 (2010 081803; gl *u _.___. CDF
: = —— LHCb 3 fb!
Ap depends on all the CPV categories. cr(D =)~ gdy (), 2 SIS I
: %~ cpy ST——A4Y), | ¢ 2 e |
Hence, using all LHCb measurements of 0 o ey o . -

Vin MiXing g+ I | E T BRI
AYyep-, (hpep- Acp(D° = KTK7), and AACPW T agwerno
CP

[PRL 122 (2019) 211803, PRD 104 (2021) 072010]

+ I I I I I | IIIIIII I I I I I

R - 1o
ke - ——— LHCb combination, 8.7 fb! LHCb 1=
¥ 0.006 - z:r2-: LHCb combination, 3.0 fb™! 15
| 0004 B + No direct CPV T ~’ ] §
[arXiv:2209.03179] i QS B B =
g _4 0.002 |- P - - =
Apri - = (7.7 x5.7) % 10 § -, 1
\ ) 1st evidence of CPV oF s :
a?,  =(232+6.1)x 10" for a single charm o o E
f decay channel (3.80) S :
—0.004 - —
p(alcéK’ ag][) p— O. 8 8 - contours hold 68%, 95(.70 C?L . | :

T I T S T I I B T T
—-0.004  —-0.002 0 0.002 0.004
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Local CPV in D(J;) — KKKt

® Multibody decays

O local CP asymmetries possibly
larger than the integrated ones

° D;' — K KTK™
O Cabibbo suppressed
O might show CPV

oeD" > K KTK™
O Doubly-Cabibbo Suppressed
O CPV essentially forbidden in the SM
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Local CPV in D(J;) — KKKt

Local mvarlant mass dlstrlbutlons

-— Total fit
- DY signal ,
- — Background

(@)
j X
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X
—
O

® Run2 data sample

CJ\

N
T | T :
o
T | T :

® Dalitz plot divided in 21 bins to enhance sensitivity
O pattern of the main resonances is reproduced
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> & const. strong phase

° )(2 test to compare Dalitz distribution of yields A AR A > 5T 2R
: o : S | 4
obtained by mass fit in each bin E ;
2
i N (D)) N'(D)) —aN' (D)) _ i \2 1
I Z NZD #SCP_ \/ (5]2\[ _|_52 #)( Z (SCP) 0
7’(D )) NZ(D( )) l —1
.y . PRD
e VVariation of the Miranda method: PR 40 12000 09800 D TN
1 1.2 1.4 1. 1.8
O Not affected by global nuisance asym. Siow [GEV']
> Checked with simulation and control samples NO CPV is observed
(Cabibbo-favoured D™ — K~ zn"n™", D7 — K~ K"n™" decays) First CPV search in D7 - K" KTK™ decays
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The angle y of the UT

e The Unitarity Triangle (UT): B B Camgdm | pem :
. . . 0.6 B : Spring 21 ol
O Geometrical representation of a requirement F ; " ; =
due to the unitarity of the CKM matrix °% g sin2p i S0 =
= IR — (excl. 2t CL>0.85)  —
O stringent tests of the SM = E SNL E
03 - 5 -
02 o =
¢ The angle y Of the UT 0'0-0.4 | 0.2 0.0 0.2 0.4 0.6 0.8 :.D
O directly measurable in tree-level decays with P
mterference between b — cW and b — thransmons * * T
rerterenee preen o Z c ANt o 7 u Tanstons VirVia ¥ VerVea +VipVig =0

['> Several time- mdependentmethod S DO with

Today } 0 :
I D mixture of D" and D decaying to the same final state (fD):
» Time- dependent methods B = D+7r— BO D+K— VudV;kb
exploiting interference between mixing and decay y =arg| — = | = b5
> Combination of measurements from many channels Vchcb

O Remarkable SM benchmark to be compared with
indirect measurements involving loop-level transitions
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The angle y of the UT: generalities

® [he y parameter Is obtained combining Golden mode: B* — f, K~
CP asymmetries and decay rates o) ~DOK
O Various methods depending on f, /
O Charm decay parameters as external inputs B~ O+ing K™
+ + y) y) l\kD OK_/’"DQZ;D
(B~ — fph™) & 1+ rg + 2rprgR, cos(0p + 0,£7)
_rDRf (y COS 5D — x S1n 5D) + (x2 + yz)/2 Charm mixing parameters
Charm mixing D . Am AT
—71gly cos(dp £ y) + xsin(op £ 7)] =T YEgp <

Coherence factor, () < RfD < |, suppresses interference and reduces sensitivity
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y with B —» [KF a7~ Jr+]D h~

® Superposition of Cabibbo-Favoured and Ficse =
1 O.66+0'18 g

Doubly-Cabibbo-Suppressed D decays > 08500

: 0.21 23

» BT [Kiﬂin‘iﬂi]l)hi, BT = [Kiﬂiﬂiﬂi]l)hi, Xb . D*+[DO7T]//1_17MX 3 0-784:8% =

4 02570 =

e Global Ry, ~ (.4, but in phase-space bins it is larger
[PRD68 (2003) 033003]
O 4 bins chosen according to LHCb amplitude analysis

O increased sensitivity with binned measurement

[arXiv:2209.03692

_ +6.04+0.6+6.7\°
— (54'8—5.8—0.6—4.3)

stat. syst. ext.

Results of this analysis
(LHCb Run1+Run2):

2"d most precise
determination of y

® External inputs:

O Hadronic D decay parameters from model-independent
determinations by CLEO-c, BES-IIl, and LHCb

O Charm mixing parameters by LHCDb

O First source of uncertainty now, but improvements are expected

> incoming 20 fb~! of BES —III data
> LHCb measurement of charm mixing

[PLB802 (2020) 135188]
[JHEP 05 (2021) 164]
[PRL 116 (2016) 241801]

[PLB802 (2020) 135188]

Candidates/ (10 MeV/c?)

Candidates/ (10 MeV/c

Candidates/ (10 MeV/c?)

Candidates/ (10 MeV/c?)

[arXiv:2209.03692]

LHCb 1
9fb~!

B~ — DK~,Bin 1 %

LHCb
9fh1

B~ — DK-,Bin2

5.6 5.8
mpx+ [ GeV/c?]
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LHCb combination for y

. . i Ir | I

® Combination of results from beauty and charm sectors T LHCD -

. v 08 _—- B° October 202%-_

® Frequentist approach E :

> 52 parameters 0.6 [ A1 Modes B

> 173 observables : N

- " 04768 39 :

> F|t probab”'ty 80% .22, A AN -

02F -

® [ncludes updated and new measurements o il :

-~ BT = [hTh Y] h T arkivi2112.10617 0= 50 60 70 80 90 O

» BT > [KFntntn™] Dhi arXiv:2209.03692 ¢ 0.160 T — ?/ &

+ yepin DY — hTh™ PRD 105 (2022) 092013 LR P LHCb -

D 14— - *=Dht, D°—=h*h'~ ctober —

> Xcepy Veps ox,0yinB — DO( — KSO]z""]z_),u_EMX arXiv:2208.06512 0 " . iu Blijsfm};dzs pecher )

B - eauty an arm 7

> ACP(DO — K7K™) arXiv:2209.03179 012~ e ~

o u _

= (03981000 % | 0.1F -

S 0.020 D" mixing o - )

S| y= (0,6361r - ) % Compatibile with - _
oL 0.019 o o 0.08

cZ> P Indirect determinations i -

g lq/p| = (09951_88%2) %PV |.n V= (6571_32) CKMfitter 006k . | | | | L

O éb =25+1.2) D"mixing Syst. Uncertainty ~ 1% y = (65.8 + 2.2)° UTFit 30 40 50 60 70 80 9)(/) o

i — |

[LHCb-CONF-2022-003]

[LHCb-CONF-2022-003]
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® First study of CPV In
B* - [K*K nn ] h™

e | HCb Run1+Run2 data
> Not included in LHCb combination yet

® [ntegrated analysis for both
KK ntn andztn ntrn™
final states

arxiv:2301.10328

Asymmetry

e Also binned analysis for KYK ntn~

O Charm decay parameters [UHEP 02 (2019) 126]
from LHCb amplitude analysis

O Precision will improve and value may
change after charm model-independent
measurements
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CP violation in B! — ¢¢

e Motivations:
O The SM predicts CPV to be suppressed in this channel
O Any CPV enhancement would point to new physics
in the BY mixing or in the penguin-mediated b — s decay

e Caveat: angular analysis needed to disentangle the
three polarisation states of the B — V'V decays
> (0, CP even), (||, CP even), (L, CP odd)

e Target CP observables: ¢, |4;|

O The SM predicts no dependance
of the CP observables on the polarisation

» CP phase: ¢i — ¢sss ~ () No CPV in mixing

> Direct CP violation parameter: |A.| = |A,//A.| = |A]| =~ 1
[Nucl. Phys. B 774 (2007) 64] [PRL 89 (2002) 231803][arXiv:0810.0249]
[PRD 80 (2009) 114026] [Nucl. Phys. B 935 (2018) 17][PRD 96 (2017) 073004]
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https://cds.cern.ch/record/2852424/files/LHCb-PAPER-2023-001.pdf

CP violation in B! — ¢¢

e Data:
O Run2 data (6 b

O Results are then combined with Runt
measurements (additional 3 fb_l)

e Strategy:

1. Invariant-mass fit to subtract

the background

2. Flavour-tagged fit to decay time
and helicity angles to get the CP observables

[details in the backup]

e Main experimental challenges

O Decay-time resolution ( ~ 40 fs)
O Flavour-tagging power ( ~ 6 %)

O Their calibration
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Helicity angles (y, 6) defined in the previous slide
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CP violation in B! — ¢¢

0.1 | T _
This analysis, Run2 only %. Preﬁggﬁw (E)
polarisation-independent fit E s P 7
P> = —0.042 £ 0.075 £ 0.009 rad, >, 0.06 5
< 0
= stat. SYSt. | S
- | 0.02 S
= polarisation-dependent fit I s s i C -
o | _ S
- dso = —0.18 £ 0.09 rad Xo| =1.0240.17 | . 0
S G| — bso = 0.1240.00 rad |\ /Ag| = 0.97 & 0.22 measFlIJrrsetment | 4 S
| =G0 = 007£0.09 rad  [N/A| = 0.78 +£0.21 ~0.04 3
PR S SR S NN SN ST SHN SN SN SN S S S R 0]
LL] — — =,
all stat. stat. 0 0.1 0.2 0.3 =
- only only (t-0.3) modulo (272/ Am,) [ps]
o
% Run1+Run2
]
—. ¢S§S — _0.074 + 0.069 rad Most precise measurement No evidence of CPV
- B - Oefntimi?\-cclliprr?irr‘;:;‘:l z::’a ] in both the polarisation-independent
Al = 1.009 £ 0.030. " penge Y and the polarisation-dependent analyses

of neutral B mesons
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Conclusions

e LHCb Run2 data have been providing remarkable insights
iIn both the charm and beauty CPV sectors

O First evidence of CPV in charm in a single decay channel (3.8 'j
O New search for local CPV in charm multi-body decays

News of the

O Uncertainty on y already below 4° | last 6 months

> Further improvements are expected with other decay modes
and better knowledge of charm hadronic parameters

O Precise CPV measurements in penguin-dominated B! decays _

e | HCb Upgrade | is expected to improve the measurements in Run3

O Higher integrated luminosity

O Removal of hardware trigger
> Higher trigger efficiency, smaller detection asymmetries
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The LHCb experiment

e | HCDb is a forward spectrometer, operating at LHC /- 15wy

O High geometrical in collecting bb and ¢¢ quark pairs
O Excellent decay-time resolution, momentum resolution, PID performances

LHCb Detector .
Weighl f,GOO lonnes EIeCtromagnetIC
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[JINST 3 S08005]
[Int. J. Mod. Phys. A 30 (2015)1530022]
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https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

A-p(D° — KTK™): yields and systematics

Table 2: Systematic uncertainties on Acp(K~K™) for the two calibration procedures Cp+
and C Dt The total uncertainties are obtained as the sums in quadrature of the individual
contributions. Correlations between the systematic uncertainties of the two calibration procedures

are also reported.

Source Cp+ [107%] Cpy [107%]  Corr.

F'it model 1.1 1.0 0.05

Peaking backgrounds 0.3 0.4 0.74

Secondary decays 0.6 0.3 -

Kinematic weighting 0.8 0.4 —

Neutral kaon asymmetry 0.6 1.3 1.00

Charged kaon asymmetry — 1.0 —

Total 1.6 2.0 0.28
Cp+ : Acp(K~ K1) = [13.6 £ 8.8 (stat) £ 1.6 (syst)] x 10*,
Chr: Acp(K~KT)=[ 2.84 6.7 (stat) & 2.0 (syst)] x 107,
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Ap(DY — KTK™): yields

Table 1: Signal yields and statistical reduction factors arising from the kinematic weighting of
the sample for the various decay modes and both calibration procedures.

Decay mode Signal yield [10°] Red. factor
Cpr Cpr  Cpr Cpp
DY - KKt 37 37 0.75 0.75
DY — K—nt D3 00 0.35 0.75
DY — K nrn™ 188 — 0.25 —
Dt — K 6 — 0.25 -
Dt — ¢t - 43 -~ 055
Df — KK+ — 5 — 0.70
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y with B — [hTh z n7] D h *: yields

Reconstructed as:

Rencontres de Moriond, 27t March 2023

D decay Component B* - DK* B* = Dn*
D— KTK rntn~ B* -DK* 3026 £ 38 142 £ 2
B* = Drn* 240 £ 1 44349 4 218
Partially reconstructed bkg 87+ 1 27 £ 1
D — K¥n*a—ntg0 44 + 13 580 4 168
Combinatorial bkg 460 + 23 1820 £+ 193
Charmless bkg 189 (fixed) N/A
D — ntn ntn™ B* DK+ 8676 £ 105 386 £+ 5
B* —»Dr* 676 £ 2 126322 £ 386
Partially reconstructed bkg 256 £ 2 81 +t4
Combinatorial bkg 1344 £+ 27 4172 £ 90
Charmless bkg 688 (fixed) N/A
o 02T T T T T T T T T T T T T T = 01877 T 7T 1T 7T 1T T 1T T 1T T T T T3
2 0.18F + LHCb 3 Lo.a6F 1. LHCb =
2 0161 L 9 b 1 Zoa4f 9 fb! 3
£ 0.14 ;— —4— Data — 4 012E —— Data B
g 0.12 ;— 4 — Fit projection E g 01E o — Fit projection ;
g 0.1F 4 8. F
2 0.08F 3
0.06 -
0.04 FE+ -
002F B*—DK* - B*—>Dr” e

| I I [ N N SN N N O'I

8-7-6-5-4-3-2-1123456 78
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8-7-6-5-4-3-2-11223456 78
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Figure 5: Total bin yields for the (left) B¥ — DK¥ and (right) B* — Dr* decays. The data
are overlaid with the fit projections.




Table 5: Uncertainties on the results of the binned analysis.

Uncertainty (x10?%)

y with B — [hTh nn] D h *: systematics

Table 6: Uncertainties on the results of the phase-space integrated analysis.

Uncertainty (x10?%)

Source A%Kﬂw A7IT(K7T7T A7IT<7T7T7T Azmrﬂ' Ré(]g(mr R7CT(7}7T7T
Charmless background 1.2 < 0.1 0.4 <0.1 13.9 8.5
External parameters 1.0 0.7 1.0 0.7 4.0 4.0
Fixed yield fractions 0.1 < 0.1 0.1 <0.1 1.3 1.4
Mass shape 0.3 < 0.1 0.2 <0.1 3.1 3.1
PID efficiency 0.1 < 0.1 0.1 <0.1 2.5 1.6
Total systematic 1.6 0.7 1.1 0.7 15.1 10.1
Statistical 23.5 5.5 13.3 3.1 24.2 14.3

Source G T e e A
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 0.0 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 — KTn*rnt7~ background 0.11 0.05 0.07 0.04 0.09 0.05
A) — pDm~ background 0.01 0.25 0.14 0.04 0.06 0.34
D — KTn*nt7~ 7% background 0.30 0.05 0.19 0.07 0.05 0.01
F'it bias 0.06 0.05 0.13 0.02 0.06 0.13
Total LHCDb systematic 0.37 043 0.34 032 0.70 0.57
Ci, S; 0.35 3.64 1.74 129 0.14 1.10
Total systematic 0.61 3.67 1.78 1.33 0.72 1.24
Statistical 2.87 3.40 251 3.05 4.24 5.17
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CP violation in B! — ¢¢

e Strategy:

1. Invariant-mass fit S LT T T o F
< i ‘ata i — ~ b b ]
to subtract the background % R @t 1 % ®) L -
. s PRI | 1000 -
2. FIaVOur'tagged flt tO § 2: ----- Cgmbinatorial \ :G:C; 800:— —— 4 —— B
d ti d helicit | = Uk 1.8k \ 3T ol -

ecay time and helicity angles T ettt/ 19.OKRS s = 600 -

S D NG S S o6 O -
to get the CP observables 5 kb 17 a00f .

o) - B
— - - < . 200 — .. —
d*T'(¢, Q) 0 S S Peeliminar e “ - Preliminary ]
dtdﬁ X S:hk(t)fk(g) WHEP 12 (2019) 159] . Iszlool '53|oo' | "‘24[00' - Isslool 5600 0-1| — ._O|5. T (l) o |0|.5| T
k=1 m(K*K'K*K') [MeV/c2] cosf
AT, (AT, Ny, a,b,c,d, SP2OF T T T 1 2 0F B
M) - Nke_FSt [ak COSh(Tt> A bk Slﬂh(7t> arke fL]J{aniOnkS OI'F 8 1000: (c) %?bqb : g (d) %I?bqb :
[ - i ] . )| i _
+ Qcg cos(Amgt) + Qdj sin(Amy t)] ¢ and [4] o 200 B A . = ﬂt = 0 :
! ! S + S 10k L~y .
() = * 1 depending on initial BS flavour 2 600 | _ § S P m ]
- - < - 1 1;_ "
¢ Main experimental challenges: g 400 138 |

. . ~ . - . _ 107! &
O Decay-time resolution ( ~ 40 fs) ~ 2% Preliminary " Preliminary :

. O_' . | | | | | | | . | . i o2bb——r 1
O — ~ -2 0 2 2 4 6 8 10
Flav.our t.aggllng power (~ 6 %)  irad Decay time [ps]
O Their calibration [LHCb-PAPER-2023-001-002]

Rencontres de Moriond, 27th March 2023

23


http://www.apple.com/it/
https://cds.cern.ch/record/2852424/files/LHCb-PAPER-2023-001.pdf
https://cds.cern.ch/record/2852424/files/LHCb-PAPER-2023-001.pdf

CP violation in Bf) — @@ decays: systematics

Table 2: Systematic uncertainties (in units of 107%) for physics parameters in the

polarization-independent fit.

Source % [rad] |\ |Agl® |AL]? 0y — dp [rad| &, — 4y [rad]
Time resolution 4.9 26 0.8 0.8 0.1 3.4
Flavor tagging 4.8 4.7 0.9 1.3 1.2 9.7
Angular acceptance 3.9 49 1.4 1.7 4.7 1.2
Time acceptance 2.3 1.7 0.1 0.1 5.6 0.7
Mass fit & factorization 2.2 44 1.9 2.3 2.3 2.5
MC truth match 1.1 0.2 0.1 0.1 0.2 0.3
Fit bias 0.8 0.7 0.9 0.3 3.6 0.7
Candidate multiplicity 0.3 0.2 0.1 0.8 0.2 0.1
Total 8.8 8.6 2.7 3.3 8.5 10.7
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Flavour Tagging at LHCDb
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