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Introduction

o CKM matrix:
o Link weak and mass eigenstates
o Complex matrix
e Unitary

CKM angle v

e Standard candle for SM

o Negligible theoretical uncertainty

e CKM fitter group:
v = (65.7137)°
o UTfit:
v = (65.8 £2.2)°
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http://ckmfitter.in2p3.fr/
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Outline

o LHCb v combination [JHEP 12 (2021) 141]

v using B¥ — Dh*, (D — bR F70)  [arXiv:2112.10617]

CP asymmetry measurement using A9 — DpK~  [Phys. Rev. D104 (2021) 112008]
o v and Am, using B — DFhEatrT  [JHEP 03 (2021) 137]

o Amg using BY— Dym™  [Nature Physics (2022)]

Branching fraction measurement B — Dfn~  [Eur. Phys. J. C81 (2021) 314]

Related talks:
e 11/01, 10:00 GMT - Mixing and CP violation in beauty and charm hadrons - Malcolm John
e Today, 11:40 GMT - CP violation and mixing in charm at LHCb - Joan Ruiz Vidal
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https://doi.org/10.1007/JHEP12(2021)141
https://arxiv.org/abs/2112.10617
https://doi.org/10.1103/PhysRevD.104.112008
https://doi.org/10.1007/JHEP03(2021)137
https://doi.org/10.1038/s41567-021-01394-x
https://doi.org/10.1140/epjc/s10052-020-08790-2
https://indico.cern.ch/event/949705/contributions/4575405/
https://indico.cern.ch/event/949705/contributions/4555594/

LHCb detector

pcar, HCAL
SPD/PS
RICH2 M M2
3

[JINST 3 (2008) S08005]
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https://doi.org/10.1088/1748-0221/3/08/S08005

Measuring v through B — Dh decays

@ Measure 7 through interference between O -
favoured b — ¢ and suppressed b — u Favoured D h
decay amplitudes / \
o Typically using B* — Dh* decays B

o D admixture D° and D° decaying to

same f,
o Interference mixing and decay (TD Suppres%

analyses): b—u
o B — D¥r*

Dh~

o BY —» DFK* rpet®8=7) rpe’
o B 5 DFK*r*r
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LHCb combination of CKM angle ~

Analysis

o New feature: combination of results from the
beauty and charm sectors
e Precision in v and Jp is enables us to
constrain 68™ a factor 2 better than world
average
o Therefore, improvement in charm mixing
knowledge

e External constraints

e Mainly hadronic parameters and coherance
factors in multi-body B and D decays

o Frequentist approach

[JHEP 12 (2021) 141]

B decay D decay Ref. Dataset Status since
Ref. [24]

B* - Dh* D — hth™ 27] Run 1&2 Updated
B* — Dh* D — htr—ntn 28 Run 1 As before
B* — Dh* D — hth~n° 29 Run 1 As before
B* — Dh* D — KQhth~ [26] Run 1&2 Updated
B* — Dh* D — KJK*r¥ 30 Run 1&2 Updated
B* — D*h* D — hth~ 27] Run 1&2 Updated
B* — DK** D — hth~ 31 Run 1&2(*)  As before
B* - DK** D — htratr 31 Run 1&2(*)  As before
B* = DhErta~ D — hth™ 32 Run 1 As before
B® - DK*° D — hth™ 33] Run 1&2(*) Updated
BY — DK** D — htr—ata~ 33 Run 1&2(*) New
B® - DK*° D — Kdntn~ 34 Run 1 As before
B® - DFr* DY - K-ntnt 35 Run 1 As before
BY - DFK* Df — hthrt 36 Run 1 As before
BY — DfK*rta~  Df = hth ot 37) Run 1&2 New
- DY — hFh— 38,39,40] Run 1&2 New
- D — h*h™ 41] Run 1 New

D — hth~ 42,43,44,45]  Run 1&2 New

DY — Ktr~ 46] Run 1 New

D’ — K*r— 47 Run 1&2(*) New
- D’ — K*nFatn—  [48] Run 1 New

D’ — Kdntn~ 49,50] Run 1&2 New
- D° — Kdntn~ 51] Run 1 New
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https://doi.org/10.1007/JHEP12(2021)141

LHCb combination of CKM angle ~

Results [JHEP 12 (2021) 141]
_ +3.8
o v =(65.413,)° a1 I T
e Most precise determination by single O i e LHCDb
experiment ‘l| C :

08 1le

o Charm mixing parameters: i i

_ +0.052 L
o z=(0.400Z¢ 53)% 0.6 [ AN Modes
o y=(0.63070933Y% factor 2 improvement r

Reminder:
04 0
o z=Am/T, y=AT/2T -68.3%
e Mass difference in charm only recently
observed [Phys. Rev. Lett. 127 (2021) 111801] 0.2

Beauty part cross-checked using Bayesian
approach

@ Charm results validated by reproducing y [O]
HFLAV results
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https://doi.org/10.1007/JHEP12(2021)141
https://doi.org/10.1103/PhysRevLett.127.111801

LHCb combination of CKM angle ~

Results

[JHEP 12 (2021) 141]

— 1 T l T 1 7T l T 171 l T 171 l T 171 l T 1 7T l T 1 7T i

o v = (654138 X F LHCb ]

e Most precise determination by single > 0.8 ~ 7]

experiment r ]

o Charm mixing parameters: 0.6 - ]

o z = (0.40019:952)% ¥ i

o y=(0.63075933)% factor 2 improvement 04 ]

o Reminder: 02 X !

o z=Am/T, y=AT/2T “r : ]

e Mass difference in charm only recently 0 - ;No Mixing E

b d [Phos. Rov. Lett. 127 (3020 111801 Tt S S -

observed [Phys. Hev. Le _< : ) ] [ EZ571Current World Average ]

@ Beauty part cross-checked using Bayesian 02 [ [T®T:LHCb Beauty and Charm ]

approaCh ’ B 1 I 11 1 l 1 11 I 1 11 I 1 11 I 11 1 I 11 1 ]

o Charm results validated by reproducing 02 0 02 04 06 08 1

HFLAV results x [%]
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https://doi.org/10.1007/JHEP12(2021)141
https://doi.org/10.1103/PhysRevLett.127.111801

v using B — Dh*, (D — h=h'F70)
Overview [arXiv:2112.10617]!, submitted to JHEP

Dataset: 2011-2018

LHCb

LHCb
9! 9fb~!
B~ = [m K*7'pK~ B o [r* K7 pK+
=+ Data
e Study 8 final states:

Mode (h~ ={n—,K~}) Analysis type

B~ — [K~ntx0ph™ quasi-ADS (fav.)
B~ =[x~ K+ ph~ quasi-ADS (sup.)
B~ — [K~K*n%ph~ quasi-GLW o
B~ — [r~n 7% ph~ quasi-GLW _ iﬂ';«—:\--:ﬂ]nr
e Discovery of B~ — [r~ K7 p K~ %0
(7.80-!) %l“ﬂ
o Invariant-mass fit performed to 16 3 .

sub-samples

5000 522

5675 5000 5225

25 5450 225 5450
m([m~K*7"|ph~) [MeV/c] m([7* K7 ph*) [MeV/c?]

IThis paper is dedicated to our friend and colleague Bernhard Spaan
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https://arxiv.org/abs/2112.10617

v using B — Dh*, (D — h=h'F70)

Results [arXiv:2112.10617]!, submitted to JHEP
= 180 — 5 180
- | oo LHCb | =~ LHCb
o Fit performed to 11 160 7% O o= 160 2
ratios/asymmetries
140 140
o Interpret in terms of v, rp
and dp 120 120
100 100 —— 68% C.L.
95% C.L.
_ +24\0 99.7% C.L.
¥ = (56719) 80 80 o LHCb v comb. ff
dp = (1224%2)0 100 25 50 75 100
7 [

rg = (9.373%5) x 1072

o Global minimum: v = (1457 ,9)°

o Second solution closer to LHCb + combination (see slide 7)

IThis paper is dedicated to our friend and colleague Bernhard Spaan
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https://arxiv.org/abs/2112.10617

CP asymmetry measurement using /12 — DpK~

Brief overview [Phys. Rev. D104 (2021) 112008]
. Favoured Suppressed
@ Observation of A & (K- 7T ppK ™ AY = (K7~ | ppK~
Ay — [K* 7] ppK ™~ e RSN B SN
S 1 > ' Ay~ DpK™
Q 250 B 2 Combinatorial
e Two parameters of interest: Full phase  © ., 1 2 | AL
R— B(AY— K~ nt]ppK ™) space Eﬁo ] g
= B [KFn-]ppK-) g g
— =] 1 =]
A — BU=[K ] ppK ) —B(A) K~ n*]pK™) i ? 5
B(AOS [K+n-|ppK— )+ B(A0—[K—n+]pKT) s0f LI \
1005500 5600 5700 5300 5900 100 5500 5600 5700 5800 5900
@ More data needed to extract ~ o (g e ey
g~ 200 A5
S 1805 ;17 T 1S 0o TR o
Restricted B 160F wigw)<scarre Comtinaoral B g5 W <soarne Comtinaori ]
estricte 140F R R o
Parameter Phase space phase space 2 ok ig’ EEE E g
Full Restricted MA(pK) < glgg: 3 opk 1 g
R 71 £08 *04 86 +15 04 5Gev/ct | % 10§
002 1003 : E
A 0.12 £0.09992 0,01 4 0.16+003 o ; f ;
1065500 5600 5700 5800 5900 5500 5600 5700 5800 5900
M(DpK") [MeV/cd M(DpK") [MeV/c?
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https://doi.org/10.1103/PhysRevD.104.112008

v and Am, using BY — DFhtrEn™

Brief overview

[JHEP 03 (2021) 137]

Dataset: 2011-2018

o BY = Dntrtr™

o Extract Amsg —
o Calibrate detector induced effects wt u
o BY - DFK*ntnT ; :
s B Dy B
e Sensitive to v — 20, “ B :
e 4-body decay — strong-phase variation
over phase space
0.5 T —~ T
£ o4 LHCb E T ¢ LHCb E
< ——f=DK'm'm E - E
o At + = §};‘m — BsDiatri
Y= (44 + 12)0 0.1 E 1000 —B-Dimin
o > 800F E

Amg = 17.757 £ 0.007 + 0.008 ps —* 07
o 0
o Cross-check: integrated phase space: 03 o1 0z 03 R R R
1 90vo t modulo (2727 Amy) [ps] 1 [ps]
v = (44773)
12 January 2022 12/18
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https://doi.org/10.1007/JHEP03(2021)137

Precise determination of Am, using BY — Dynt
Strategy and invariant-mass fit [arXiv:2104.04421], [Nature Physics (2022)]

Dataset: 2015-2018

— . . . .
e Goal: obtain B%-BY oscillation § é’ggb
frequency Ams % 10*
e Use D; - K~ K™r~ and 3 T
D; — 7~ ntn~ decay modes 8 10°F - 1+ Data
é ; / "“"-*W«:\..wm, ...... B‘; — D77t
m 53 10;360 54'00' 55'00 56l00 57‘00 5é00|:| Combinatorial

@ Two-dimensional fit to Bg and D
invariant mass

3 BY — DFr*

[ e
B, - Dt
BEm B0 - DIK*

m(D;7") [MeV/c?]

@ Statistically remove backgrounds using
the sPlot method

@ This is the input for decay-time fit

Nsig = 378 700 £ 700

2. Decay-time fit

@ Perform decay-time fit to background
subtracted data to obtain Amg

A 1 1 R
1940 1960 1980 2000

See next slide m(KTK— 7%, 777 7n%) [MeV/c?|

Candidates / (0.57 MeV/c?)
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https://arxiv.org/abs/2104.04421
https://doi.org/10.1038/s41567-021-01394-x

Precise determination of Am, using BY — Dynt

Decay-time fit

Ingredients for the decay-time fit:
e Background subtracted data
e Flavour tagging
@ Decay-time acceptance
@ Decay-time error calibration

@ Decay-time bias correction

Amyg result from the decay-time fit

Amg = 17.7683 £ 0.0051 & 0.0032 ps !

e Main systematics: detector misalignment and
length scale

Jordy Butter (Nikhef)
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[arXiv:2104.04421], [Nature Physics (2022)]

— B —» Dyt — BY — Dyt — Untagged

2000

ys / (0.04 ps)

1000 F,

Deca;

Asymmetry

T
0.3 E + Data %+-
02F — Fit v
0.1F E
0.0

—0.1F E
—0.2F LHgb E
—0.3F ) 6 4

e
.

0.0 0.1 0.2 0.3
t modulo 27 /Am, [ps]
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https://arxiv.org/abs/2104.04421
https://doi.org/10.1038/s41567-021-01394-x

Precise determination of Am, using BY — Dynt
LHCb Am, combination [arXiv:2104.04421], [Nature Physics (2022)]

Main LHCDb measurements Am

Method Dataset Amg(ps™t) Ref.
BY— Dynt 2011 17.768 +0.023 +0.006 [1]
BY — JApKtK~  Runl+2015+2016 17.694 = 0.042 2]
See slide 12— BY — DT 7rtrtn~  Runl+Run2 17.757 +£0.007 £0.008  [3]
BY— Dynt Run2 17.7683 + 0.0053 £ 0.0037  [4]
Average 17.7656 + 0.0057
Average ILHC]) I I I I ' I__ ' 4
Dynt 6~ — 1

Dyntrta= 9 — 1

Dynt 1 F —_ 1

J/OKTK= 27 F 1

J/WKYK~ 3fb7 F J
. . . . . . . .
17.64 17.66 17.68 17.70 17.72 17.74 17.76 17.78
Amy [ps!]
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https://arxiv.org/abs/2104.04421
https://doi.org/10.1038/s41567-021-01394-x
https://doi.org/10.1088/1367-2630/15/5/053021
https://doi.org/10.1140/epjc/s10052-019-7159-8
https://doi.org/10.1007/JHEP03(2021)137
https://arxiv.org/abs/2104.04421

Measurement of the branching fraction of the B’— Dfr~ decay
Brief overview [Eur. Phys. J. C81 (2021) 314]

Dataset: 2011-2016

e Normalisation channel B®— D~ n+

e Most precise single measurement:
B(B°— Dfn7)=(194+1.8+13+1.2) x107°

e Probe product |V,;| and non-factorisable QCD effects:
| Vusllanr| = (3.14 £0.20 + 0.25) x 1073

e Can be used as input for CP violation in B® — DFr+:

1 B(B°— D} n—
TDr = tan(@c)fl;—i W

J
= 0.0163 £ 0.0007 4 0.0033 L 6000-LHCD S B Dy
0.17: 25000k 0 4 o B~ D
x T T T T T T ™ = 5000 B Ren dom—g;
017 LHCb .. Q B True D
s o Collision energy & 4000 DF-0'r
. . — Ay A
o166k i dependence ratio of 3 3000 B oor
01648 e 1 : ; : 8 me- e
: e ] hadromsatljc\)]n fractions < 2000 OB - DIk’
0162F ). E s xR — BY—Dy 7t €po_ p— .+ 8
0.16F 3 f - N — € — 1000
] d BOp—xt+ €0 p- A+
0158 E! s s = A . . .
0156 s 5200 5300 5400 5500 5600 5700 5800

Il L Il Il Il £
7 8 9 10 1 12 13 D*
o ) [MeV/i
Proton-proton collision energy [TeV] m( s ) Cz]
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https://doi.org/10.1140/epjc/s10052-020-08790-2

Conclusion

current LHCb » Upgrade | » Upgrade Il—»

o o
> ® o

@ Most precise v determination by single experiment
7 = (654755)°

[N

| e e s e B i e
1

Max Luminosity [10*/cm?%s]
Integrated Luminosity [fb™]

e LHCb legacy measurement Am 10 2 g 150
Amg = 17.7683 4+ 0.0051 £ 0.0032ps~* (D77 t) e ”
Amg = 17.7656 + 0.0057 ps~* (Comb.) :

@ Good prospects for LHCb upgrades = - | | ”

[CERN-LHCC-2018-027]
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https://arxiv.org/abs/1808.08865

Conclusion

Thanks for your attention!
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Observation of the BY — DK+~

Brief overview

e Source of potential background in ~y
determinations from B* — DK™ and
B - DK*t7~ decays

o Normalisation channel:

BY — D*(2007)°7t 71—
o Results:
B(B° — D*(2007)°K*7~) =
(5.18 4+ 0.27 £ 0.34 £ 1.84) x 10~°
B(BY — D*(2007)°K—71) =
(7.30£0.18 4-0.56 +2.59 £ 0.23) x 10~4 BY
Uncertainties: stat, syst, BF and fs/f4, respectively

BO

y Butter

(Nikhef)

and BY — DK~ 7" decays

[arXiv:2112.11428], submitted to Phys. Rev. D

D*(2007)° — D°#°

Dataset: 2016-2018

D*(2007)° — D%

g 8

B

g

g

e B DK (1270)
Combingtorial beckground

Candidates/(10 MeV/c?)
g

o 8

e B DK (1270) ]
Combinatorial beckground

Candidates/(10 MeV/c?)
2
3

o~ P . ——
o S 3©F LHeo

>1200 3z 1 3 Daa

3 3 250F 5410 . E
= 1000 s

= = — = B0y even:

S g 200 e ——

8 B 150 o 3
® 600 5

S £ 100

-g 400 B DRz %

O Lok comtnanaiogans {8 g Conbinaora beckorond ]

5200 - éeoo 5800
mD K ) [MeVic]
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