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CKM angle ~
@ LHCb combination v and charm mixing parameters [JHEP 12(2021)141]
@ CKM angle v from B* — Dh¥* decays [arXiv:2112.10617]

CPV and mixing in charm
@ Mass difference in D° — K2rt 7~ [PRL127(2021)111801]

@ Measurement of the charm mixing parameter yc;:—yg,;r using two-body D° meson decays
[arXiv:2202.09106]

@ Measurement of CP asymmetries in D(t) — nnt and D(t) — ’I7ITI'+ decays
[LHCb-PAPER-2021-051 in preparation]

CPV in beauty

@ Observation of large CP asymmetries in BE — hEhth- [LHCb-PAPER-2021-049 and
LHCb-PAPER-2021-050 in preparation]

@ Search for CP violation in B® — ppK* 7~ decays [LHCb-PAPER-2022-003 in
preparation]
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https://cds.cern.ch/record/2783433/files/document.pdf
https://arxiv.org/abs/2112.10617
https://arxiv.org/abs/2106.03744
https://arxiv.org/abs/2202.09106
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The CKM angle v

v = arg(—Vud Vop/ Ved V3p)
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@ Can be measured purely with tree level
decays (SM benchmark)

@ Theoretically very clean

Measuring ~

@ Measured in the interference involving

DK~

" w;m,
B~ D
AB"BFM\( Ap
—(
D

)K,

© Magnitude of amplitude(s):. Az, Ap
© Suppression factor(s):rg,rp
© Strong phase difference(s): dg, 6p

)

Vb and Vi to the same final state

@ Golden channel: BY — DK*

the DO final state
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@ Combination of v measurement from
many decay modes gives best precision

22 March 2022

@ B decay parameters are independent of
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Simultaneous determination of CKM angle v pHep12(2021)141]

LHCb combination T —
38 Qb omes LHCb
v = (65.4733)° 4 08f W« 8
. ) F -
06 [ AN Modes —
@ Combination includes F
measurements from B-meson and 04 68.3%
D-meson for the first time 02f
o Excellent agreement with indirect
results: %0 [
o (UTFit)= (65.8 + 2.2)° y
o (CKM fitter)= (65.5575 %% )°
@ Most precise determination of ~ @ Around two sigma tension
from a single experiment to date between BT and BY results
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https://link.springer.com/content/pdf/10.1007/JHEP12(2021)141.pdf

-
Constraint on the CKM angle v from B* — Dh* decays

Submitted to JHEP [arXiv:2112.10617] NEW RESULT

9 fb~? from full LHCb dataset (2011-2018) Yields(B* — [r*KTn%]pK™*): 155 + 19
Study of 8 final states Y ‘ I/:'“A a— w?

BE — [KExF 70 ph* (quasi-ADS) fav. ‘

BE — [#EKF 7% ph*(quasi-ADS) sup.
BE — [KEKF 7O ph* (quasi-GLW)
B* = [ 7F 70 ph* (quasi-GLW)
(h=K,m) >
@ Fit to the B mass: simultaneous fit to 16 ="
datasets fu

O 0 0 O @ 0

Candidat

@ 11 observables reported : ratio and
asymmetries of yields — used to determine

5000

~, rg and 6
Yields(BE — [r£KFn0pn¥):203 + 27

5000 0

25 5150 5675
7 K-aph*) [MeV /e

First observation of B¥ — [r*KT 79 pK* with 7.80 significance
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https://arxiv.org/abs/2112.10617

Results submitted to JHEP [arXiv:2112.10617] NEW RESULT

,0—18(
[ea— _— f)b‘% C.L. LHC})
'*Om 160 9h!
@ World-best precision for the 11 140
observables measured -
@ Global minimum found at o0
_ +9
v = (14573,)° “
@ Second solution close to the
combined LHCb v measurement
— 180
— LHCb
Results B, o
o +24\0 140
v = (56719)
+19 120
(o]
op = (122_23) "
rg = (9.3759) x 1072 © L e
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https://arxiv.org/abs/2112.10617

-
Charm mixing and CPV in a nutshell

@ Neutral meson mixing
|D12) = p|D%) + q|D%)
o Mixing parameters

x:2(m1—m2)/l’1+l’2 yzrl—rz/F1+F2

— expected to be small (O(1073))

e CP violation
o Direct CP violation: [(D° — f) # [(D° — f)
o CP violation in mixing: |q/p| # 1
e CP violation in interference of mixing and decay:
¢ = arg(qAr/pAr) # 0
0 _

0 —
D g b5 P f % D - —¢r el f

\\‘ —0 // ~

D Ta DO ,,,//
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Observation of the mass difference in D° — K2r 7~

[PRL127(2021) 111801]

Measurement of mixing and CP violation parameters

e D't — D= KirTrn—)nt

=

o 4sg T r =

s LHCb 3

e

Z 35t ~Data 5.4 1" ]

S sF —Fit

Z 5 30.6M M Background

s b E

g

K]

5 15 E|

2

£

(SIS E
0.5 =

|
3

142 144 146 148 150
Am [MeV/c?]

15.4 fb~1 from

Run 2
(2016-2018)

" bin-flip” method

Model-independent
approach avoiding the
need for modelling
efficiency variation

Measure ratios of events
in Dalitz plot bins of
constant strong phase
difference

1 15 2 25 3
e [Gev?/c]

Absolute bin index b

Results mixing parameters

x = (3.98193%%) x 103
lg/p| = 0.996 + 0.052

y = (46773) x107°
é = 0.056"

0.047
0.051
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Mixing and CPV at LHCb

First observation of

a difference between

D° mass eigenstates
(70 significance)

22 March 2022
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https://arxiv.org/abs/2106.03744

Measurement of ycp—yg,ér using two-body D° meson decays

Submitted to PRD [arXiv:2202.09106] NEW RESULT

Dataset: 6 fb~! from Run 2 (2015-18)
D° mixing studied using D° — K~z and D° — f(f = KT K,nt7™)

. 0 -t
® ycr — y&5 ~ y(1+ VRo), with Rp = (5"

fi—T»
M+

D° meson obtained from D** — D%(— f)r*

Allows to constrain mixing parameter y =

Experimental observable

Kn 7(D° — K—7t)

- = - 1
Yep =Y =10 5 KK+ (n—7+))
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https://arxiv.org/abs/2202.09106

0

Measurement of ycp- yK using two-body D° meson decays

Submitted to PRD [arXiv:2202.09106] NEW RESULT

o yéP yé(,f obtained with an exponential fit to Rf

0
Rf(t) N(D — f t) - e*(yéPfygFZr)t/TDO % 8(f, t)
N(DY — K—7t, t) e(K—nt,t)
Q@ ycp— yg,;T: average of yg,’,( — yg,;r and yif — yg;*
@ Efficiencies equalised by matching and weighting the kinematics — cancel in the ratio
@ Subtract the combinatorial bkg by fitting Am = m(h h*wgg) —m(h™hT)

@ Validation of the analysis procedure with three distinct methods

x10° x10° x10°
~ of% . . ~ . . . - : .
2 2 3 % 08F
° | Data o 25 | Data s | Data
3 aF Ié:‘b?P  Signal 3 '5;';35’ m Signal 3 07F Ig"-gib  Signdl
s 0 - — Background PR R — Background S 06F o — Background
DK e D'-KK —_ PSS —
§ 6F § 15E E § 05f
=z b E g 18M < o4 6M
Q g 1F | @ 03F
= k] B o02F
S 2r | S osfF e S
3 g S o01f
5 g & ‘
© 40 145 150 155 © 40 145 150 155 © 140 145 150 155
Am(MeV/c?) Am(MeV/c?) Am(MeV/c?)

Lais Soares Lavra (LPC-Clermont) Mixing and CPV at LHCb 22 March 2022 10 /26


https://arxiv.org/abs/2202.09106

Results submitted to PRD [arXiv:2202.09106] NEW RESULT

Result combining ygF’f — ygg and y7g — ygg

7.32 +£28.90 + 10.30
34.20 +13.90 + 7.40

-12,00 + 25.00 + 14.00

I 145+6.10 +5.20

550 +6.30 + 4.10

720+180+124
-19.65 + 13.00 + 7.00
11.10 +2.20 + 0.92

5.66 + 1.33+0.94

10.30 +£9.10 + 6.43

6.96 +0.26 + 0.13

6.97 +0.25+0.13

T T
E791 1999 e —
FOCUS 2000 1
CLEO2002| H H T T
Belle 2009 =4 }
LHCb 2011 H—H ——
BaBar 2012 M =
BESIII 2015 f——4 —t ——
Belle 2016 M
LHCb 2019 H H
Belle 2020 H——4 1 H L
LHCb 2022 { 3 -verlioy
World average }
L L
-50 0 50
Yo ~ YEI1107)
CcP CP

100

yEK —y K5 = (7.0840.30+0.14) x 103

LHCb
6fb

y&F —yET = (6.574£0.5340.16) x 1073

LHCb ]
6fb*

LHCb 2022: ycp — yKr= (6.96 + 0.264a; + 0.1355)x 1073 |

4x more precise than current world average
(vep — yE5= (7.16 £ 0.935tar == 0.605,5) x 10~3)

Lais Soares Lavra (LPC-Clermont)

Mixing and CPV at LHCb
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https://arxiv.org/abs/2202.09106

Measurement of CP asymmetries in D(S

[LHCb-PAPER-2021-051 in preparation] NEW RESULT

Measurement of Acp in
D(t) — )t decays with
7](/) — 77r+7r_
ACP(D+ — f+) — Araw(D+) N f+)
_ Aprod(D+) Adet(f+)

@ AP and A%! subtracted
with DSy — ¢(K K~ )m*

o A™: fit to m(ntn~7wt)
in bins of m(n())

o m(n):[526,570] MeV/c?

o m(n’):[936,976] MeV/c?

Lais Soares Lavra (LPC-Clermont)

Dataset: 6 fb—! from Run 2 (2015-18)

+

) — nOrt decays

Candidates/ (2 MeV)

o - 0,7
[ combinatorial
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" data
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[ combinatorial
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22 March 2022
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D* — nrE : 110k, DF — nrE : 135k
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Measurement of CP asymmetries in D(J;) — Ozt decays

[LHCb-PAPER-2021-051 in preparation] NEW RESULT

Projection of the
fit results on
m(yntm™)

Candidates/ (4

Measured Acp asymmetries
@ AP(D* — nrt) = (0.34 % 0.665tat & 0.16yst £ 0.05p4 g ) %*

+ +
e Do 7 1

980 1000 1020
m(y 7 17) [MeV]

@ AP(DF — nrt) = (0.32 + 0.515ar & 0.124,5¢)%

@ AP(D* — n'mt) = (0.49 £ 0.18tar =+ 0.065yst &= 0.05p+ _, 4+ )% *

@ AP(DF — n'mt) = (0.01 4 0.12415¢ =+ 0.084y5t)%*

T

g

LHCb
Preliminary
6fb™

5

Candidates/ (4 MeV)

560 580
m(ymt ) [MeV]

All results compatible with CP conservation

Lais Soares Lavra (LPC-Clermont)

Mixing and CPV at LHCb
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*Most precise
to date
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-
Direct CP violation in B¥ — h™h"h~ decays

[LHCb-PAPER-2021-049 in preparation] NEW RESULT

@ Involve both tree b — u and penguin b — s, d transitions

@ Phase-space rich in resonant structures

CP asymmetry measurements with 5.9 fb~! from Run 2 (2015-18)

CP violation observable

A3 _ Aprod
raw

ACP = 1—Adcc Aprod

@ Simultaneous invariant
mass fit to BT /B~

_ (Ng_/R)—Ng
O A= o /RYTNg.

with R = <E(B+.0P)>

<e(B—,DP)>
@ APd obtained using
BE — J/pK*

Lais Soares Lavra (LPC-Clermont)
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Mixing and CPV at LHCb
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-
Direct CP violation in B¥ — h™h"h~ decays

[LHCb-PAPER-2021-049 in preparation] NEW RESULT

Results for the phase-space integrated CP asymmetries

° ACP(Bi KErTr™) = (+1.1 £ 0.250¢ £ 0.34y6t £ 0.3 5+ ) %(2.40)
o Acp(B* — K*KTK™) = (—3.7£0.25tar £ 0.25y5t 0.3 1+ ) %(8.50)
= trT) = (48.0 £ 0.451ar +0.3gy6 0.3 /1) %(14.10)

(B*
o Acp(B
o Acp(BF = mEKTK™) = (—11.4£0.751:£0.355t£0.3 ;= ) %(13.60)

First observation of CPV in BT — KTK+*K~ at 8.50 and
B* —» nfxtx— at 14.10

CPV in B* — 7K+ K~ consistent and more precise
than previous measurement [PRD90(2014)112004]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112004

Local CP asymmetries in the phase space
[LHCb-PAPER-2021-049 in preparation] NEW RESULT
Selected result: B* — rtntn—

Dalitz Plot distribution for B — 7%t~ Hadronic rescattering region w7 < KK

) 1< m?(nt ™ )jow < 2.25 GeV?/c*
2 s ® LHCb| 310
z 7’ S o < T T T T T 5
e : <700 : E
_ ; woy g
® 10 O 600 5.9fb -B =
& P El
& S 500 Preliminary =
1 é 400 Region 1 Region 2
2 300 :
0 2 4 6 8 10 12 14 g E
m(wr), | [GeVic'] © 200 E
Acp in bins of the Dalitz Plot for BY — n¥zrtr— 100 3
T 08, 2 | El
= »F wice @ 4 < 055 10 15 20 25
E 20F i 0.4 mATT) [GeV¥cH
5 02 .
3 N Region 1
& 10F 0.2 _ o
% 04 Acp = (+30.3 :l: 0-gstat :l: 0-4syst :l: 0'3J/1/)K:|: ) A)
’ 0.6
U= 0.8 1
s - = . Region 2

T (G Acp = (—28.8 % 1750t = 0.75y5 £ 0.3 )%
cp = (—28. -l stat « [ syst . +)7

@ Model-independent for mapping local CP 4 J/K
asymmetries [Phys.Rev.D80,096006]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.096006

Local CP asymmetries in the phase space

[LHCb-PAPER-2021-049 in preparation] NEW RESULT

Selected result: BT — rtptr—

First indication of the presence

of BY — n¥yco(— 7n7)

@ Decay driven by V.V
— no CP violating phase

Lais Soares Lavra (LPC-Clermont)

B* mass fit in xco(1P) region

Region around xco(1P) mass < T T T T T
Z500F ﬂ LHCb B - data
3
‘t ! T 3 = h 5.9fb! model
220 N a0 b t ,W‘ B e ]
6 180? " E N ++ - t 1 ---- combinatorial
© 160F W 5 2300 Preliminary i B - d-body |
S 1o E z 1 1 - B s KT
120 Preliminary E 2200, . *H M ]
£ 100f |4 © A
S go- | i 100 s ] i g ]
2 5 \wﬁ | Murlluy b ity i 4 s
E : L " L | ]
40F phytt ~ ¥ E 0 52 54 5.6 52 54 5.6
20F 4 m(u ) [GeV/c?] m(r ) [GeV/e?]
0’ Il 1 Il 1 1 |
6 8 10 12 14 16 _ 0
2 [GeVc] Acp = (+74.5 £ 2.75tar £+ 1855t + 0.3J/¢Ki)A)J

Largest CP violation ever observed

@ CPV could arise from interference between

Mixing and CPV at LHCb

22 March 2022

Xco and non-resonant [PRL(1995)74984], X0 and
double-charm rescattering[PLB806(2020)135490]

17 /26


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4984
https://doi.org/10.1016/j.physletb.2020.135490

-
Search for direct CP violation in B — PV decays

= b \ht
[LHCb-PAPER-2021-050 in preparation] NEW RESULT B = R(= hy hy)hs
5. = m?(h hT)
s = m2(h1_h2+)
6 = helicity angle

@ Model-independent experimental approach to measure CP
asymmetries in B — PV decays [prRD94(2016)054028]
— obviate the need of amplitude analysis

For low mass and narrow resonances B¥ decay amplitudes (M2):
\Mi|2 = f(cosO(m3,,s.)) = pgt + p cosB(m?,, s, ) + pi cos? B(m?,s))

CP violation observable Quadractic fit for p(770)°

IM_2=|My 2 by +of in B¥ — KEptn—

AB—PV _
P IM_PHIM 2 o gpf

N
S
S

T T T T T T T
F®) LHCbH B - p(770) K* | g+
r 5,9fb'] x2ndf =08 ¥2indf=0.6 + B~
K p;:1557t45 pa=23|9156
p;=—237i7 p‘=7337tﬂ

g
(=3

Selected result:
CPV in B* — p(770)°(— ntm)K*

p,=97:03 p,=130103

Candidates / (1.0 GeV¥/c*)
f=x) =l
(=3 [=]
O‘ (=]

8
wo\\\

APTTOK (115,041,900 £1.1,,0) %
First time observed (6.80)

L L E|
6 8 10 12 14 16 18 20 22
m2(K* %) [GeV/ )
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.054028

Search for CP violation using T-odd correlations in
BO — pﬁK+7T_ decays [LHCb-PAPER-2022-003 in preparation] NEW RESULT

T-odd Triple Product Asymmetries (A4)

Based on scalar triple products
Ct = P+ - (Pr— X Pp)

A

CP and P violating asymmetries

observables:

1 -
T —odd _ 7(AA 7A7A_)

acp S\
A7 1 _
ap oM = 5(Ar +As)

@ Insensitive to production and
detector-induced asymmetries

@ Measurements in bins and integrated

over the phase space

Lais Soares Lavra (LPC-Clermont)

T~ Ngo(Cs > 0) + Ngo(Cy < 0)

@ Simultaneous fit to four subsamples:
(B(C3 > 0), BY(C; < 0), BY(C; > 0), BY(C; < 0))
Ngo(Cy > 0) — Ngo(Cy < 0) o Dataset: 8.4 fb~! from Runl+Run2
& 12001 Falic
~ L . . — FUul ] i
3 10000 LHCtilPrehmmary -B°_ ppK*rr ]
= F 84fb -+~ B3~ ppK'mr ]
pos E
> 800 0 B”-. pprtr |
o B B(C,>0) B ok K-
ng 600 & -..Comb. bkg ]
w® ---- Part-rec. bkg
S 400 3
o) E.- ]
8 20 .
0500 TR0 530 5400
m(ppK 1) [MeV/c3
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Search for CP violation using T-odd correlations in
BO — pﬁK+7T_ decays [LHCb-PAPER-2022-003 in preparation] NEW RESULT

Results

Phase-space integrated asymmetries

al> %= (0.5140.8541:£0.084,5t)% al 0% (140408545 2:0.08s¢)%

No evidence for CPV No evidence for P violation

Phase space bins measurements

. . @ 2 binning schemes based
2l =°% (24 bins) 2l =°% (40 bins) _
P P on my+. —, mps and
. angular variables
4{.:_ LHCb A2ndf=86.2/24 o glloit e 60 F LHCb X/d=118.5/40 o glest
g L 84'1;" 1 g wp sen 4 @ No evidence for CPV in
g, G, b ERRR RIS B RN NI regions of the phase space
SN TS T TR AR I B U A A A L
E ER-} L
z o 12 wp E @ Local P violation at 5.80
0 = 60 3
0 10 20 0 10 20 3 0
Phase space region Phase space rezion  f
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Summary

Tree-level v measurements approaching precision of global fits

Highest precision measurements on charm mixing parameters:

o First observation of a nonzero mass difference in the D° system
(Statistical uncertainty of 0.18 x1073)

o Measurement of the charm oscillation parameter ycp — yé(,gr
(Statistical uncertainty of 0.26 x1073)

e First observation of phase-space integrated CPV in B — KTKTK~
and BT — 77t 7~ decays

Highest CP asymmetry ever measured in a localized region of the
phase-space ( +75% in BT — 7mFnt71~ decays)

@ Many exciting beauty and charm results to be released this year with
the Run 2 dataset
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Thank you for your attention
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Simultaneous determination of CKM angle v pHep12(2021)141]

LHCb measurements used in the combination

B decay D decay Ref. Dataset Status since
Ref. [17]

B* — Dt D — hth™ [20] Run 1&2 Updated
B* — Dh* D—hta-rte 21 Run 1 As before
B* - Dh* D — hth~z® 22) Run 1 As before
B* — Dh* D — K“hw 19 Run 1&2 Updated
B* — Dh* D— A"I 23] Run 1&2 Updated
B* — D*nt D— h*h 20) Run 1&2 Updated
B* - DK** D— hﬂf 24] Run 1&2(*)  As before
B* - DK*i D — htr~ 24] Run 1&2(*)  As before
B* — Dh*r D — Iﬁh 25 Run 1 As before
B’ — DI'm D — h*h~ 26] Run 1&2(*) Updated
B° — DK*® D — htn—atr=  [26] Run 1&2(*) New

B° - DK*° D — K3ntr 27] Run 1 As before
B® — DF¥r* Dt - K-xtxt 28 Run 1 As before
BY - DFK* Df = h*h~n* 29) Run 1 As before
BY —» DFK*rntn— Df — hth—at 30] Run 1&2 New

D decay Observable(s) Ref. Dataset Status since

Ref. [17]

DY — h¥h™ AAcp Run 1&2 New

D° — hth~ Yyop Run 1 New

D% — hth AY Run 1&2 New

D’ — K*n~ (Single Tag) — R*, (2/%)?, y'* .39] Run 1 New

D' — K*r~ (Double Tag) R*, (2'%)?, y'* 40] Run 1&2(*) New

D" — K*w*n*w’ (x® +y?)/4 41] Run 1 New

D" — K z,y 42] Run 1 New

DY — 1'0 4 zcp, yor, Az, Ay [43] Run 1 New

D° - I\gr* zop, yop, Az, Ay [44] Run 2 New

ares Lavra (LPC-Clermont)

Mixing and CPV at LHCb

Same strategy used in
previous LHCb combination

Frequentist treatment:
151 observables used to
determine 52 parameters

Combination includes new
and updated measurements
from B-meson and
D-meson measurements for
the first time

Auxiliary input from other
experiments used in the
combination (hadronic
parameters and coherence
factors)
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https://link.springer.com/content/pdf/10.1007/JHEP12(2021)141.pdf

Measurement of ycp-y

Km
CP

Submitted to PRD [arXiv:2202.09106] NEW RESULT

New value of the charm mixing parameter y and

K
6D

using LHCb CHARM combination

1I— T i T — 7 T

y = (6.461935) x 1073
X2 improvement

using two-body D° meson decays
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Lais Soares Lavra (LPC-Clermont)

SK™ = (192.1730)

30 deviation from 180°

Evidence for U-spin symmetry breaking
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https://arxiv.org/abs/2202.09106

Local CP asymmetries in the phase-space

[LHCb-PAPER-2021-049 in preparation] NEW RESULT

Model-independent method for mapping local CP asymmetries [Phys.Rev.D80,096006]

o
@ Adaptive binning algorithm — same number of signal yield per bin
@ Acceptance correction implemented
@ 10 regions defined to study localised CP asymmetries
Asymmetry Map: Acp in bins of the Dalitz Plot
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.096006
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