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Plan for this seminar

Plan for this seminar:

@ Overview of LHCb's current v determinations

@ The combination of v measurements to date (Run 1 and 2)
© New Run 1 and 2 results:

o B® = DK*, D — K2h™h~

e B* — D*h*, D — K2hth~

o Bf 5 Dht D - KtK—ntn~

@ Future prospects (Run 3 and beyond)
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Introduction to CP violation

Introduction to CP violation

What is v and why measure it?
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Big Bang and matter-antimatter asymmetry
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Where is the antimatter in the universe?
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Big Bang and matter-antimatter asymmetry
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Initially equal amounts of matter and antimatter...
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Big Bang and matter-antimatter asymmetry
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... but today we only see matter!
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Big Bang and matter-antimatter asymmetry

10,000,000,001 10,000,000,000

APS/Alan Stonebraker

The difference is very small...
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Big Bang and matter-antimatter asymmetry

Bl6 BAg

A MMETR

Quantum Diaries: “Why B physics? Why not A Physics?”

but the effects we observe today are obviously huge!
How can we explain this?
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Big Bang and matter-antimatter asymmet

In 1967, Andrei Sakharov proposed three
conditions for baryogenesis:

@ Baryon number violation

@ C and CP violation

Andrei Dmitrievich
Sakharov

Prize share: 1/1

@ Interactions out of thermal equilibrium
The Nobel Peace Prize 1975 was awarded to Andrei
Dmitrievich Sakharov "for his struggle for human

rights in the Soviet Union, for disarmament and
cooperation between all nations"

Therefore, to understand matter-antimatter asymmetry, we must
understand CP violation
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CP violation

CP violation discovery in 1964

Phys. Rev. Lett. 13, 138

Observed K? — ™

Since, CP violation has also been
The Nobel Prize in Physics 1980 was awarded observed in the B, Bs and D systems

jointly to James Watson Cronin and Val Logsdon
Fitch "for the discovery of violations of
fundamental symmetry principles in the decay of
neutral K-mesons"

Unfortunately, CPV in SM is too small to explain baryogenesis...
... perhaps there are new physics effects?

Martin Tat (University of Oxford) CERN LHC seminar 25th July 2023 10



The CKM matrix and the Unitary Triangle

In SM, the charged current W™ interactions couple (left-handed) up- and
down-type quarks, given by

di
Ti [U_L CL t_L] ~H W, Vokm |sL| +h.c.
by
w+ w-
t ‘< b —<
b c
(@) t — bWT (b) b — cW™
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The CKM matrix and the Unitary Triangle

The Cabibbo-Kobayashi-Maskawa matrix Vcka has a single complex
phase that is responsible for all CPV in SM

Vg Ve Vb 1-)2/2 A AN(p—in)
Vg Vs V| = - 1-X2/2  AXN? + 0O\
Vie Vis Vi AN(1 —p—in) —AN? 1

Expand Vi to first order in CPV terms: Wolfenstein parameterisation
Assume A = sin(6.) is small

Via Vi + VeaVip + Vg Vi =0
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The CKM matrix and the Unitary Triangle

The Cabibbo-Kobayashi-Maskawa matrix Vcka has a single complex
phase that is responsible for all CPV in SM

Vg Ve Vb 1-)2/2 A AN(p—in)
Vg Vs V| = - 1-X2/2  AXN? + 0O\
Vie Vis Vi AN(1 —p—in) —AN? 1

In SM, with only 3 generations of quarks, Voka must be unitary
This gives us 9 constraints, one of which is:

Via Vip + VeaVip + Vg Vi =0
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The CKM matrix and the Unitary Triangle

The Cabibbo-Kobayashi-Maskawa matrix Vcgw has a single complex
phase that is responsible for all CPV in SM

Vid Vs Vi 1-X%/2 A AN (p—in)
Vg Vs V| = .\ 1-X2/2 AN + 0\
Vie Vis Vi AN(1—p—in) —AN? 1

(ﬁiﬁ)

Vi

d

=<

(0,0 (1,0)
R. L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
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matrix and the Unitary Triangle

o Kobayashi and Maskawa extended
Cabibbo’s 2 x 2 rotation matrix

@ The additional complex phase in Vokwm
matrix explains CPV in SM

U. M :
Makoto Kobayashi Toshihide Maskawa

Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 2008 was divided, one ° Th IS a ISO predlCted the th ! rd generatlon
half awarded to Yoichiro Nambu "for the discovery Of q ua rkS Wh |Ch were d iSCOVe red Iater

of the mechanism of spontaneous broken
symmetry in subatomic physics", the other half
jointly to Makoto Kobayashi and Toshihide
Maskawa "for the discovery of the origin of the
broken symmetry which predicts the existence of
at least three families of quarks in nature"

We must verify if Vok is unitary, and gain a deeper understanding
of quark interactions
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matrix and the Unitary Triangle

o Kobayashi and Maskawa extended
Cabibbo’s 2 x 2 rotation matrix

@ The additional complex phase in Vokwm
matrix explains CPV in SM

U. M :
Makoto Kobayashi Toshihide Maskawa

Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 2008 was divided, one ° Th IS a ISO predlCted the th ! rd generatlon
half awarded to Yoichiro Nambu "for the discovery Of q ua rkS Wh |Ch were d iSCOVe red Iater

of the mechanism of spontaneous broken
symmetry in subatomic physics", the other half
jointly to Makoto Kobayashi and Toshihide
Maskawa "for the discovery of the origin of the
broken symmetry which predicts the existence of
at least three families of quarks in nature"

Precise knowledge of quark interactions will help us search for new
physics with CPV, which may not have the same CKM structure
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The CKM matrix and the Unitary Triangle

Before Belle and BaBar, the Unitary Triangle was poorly constrained

‘excluded area has CL > 095

P L L B I L B L

-0.5 0.0 0.5 1.0 15 20

CKMfitter Group (J. Charles et al.), Eur. Phys. J. C41, 1-131 (2005), updated results and plots available at:
http://ckmfitter.in2p3.fr
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The CKM matrix and the Unitary Triangle

Huge progess by b-factories, but ~ is the least precisely measured angle...
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Direct v measurements P

CKMfitter Group (J. Charles et al.), Eur. Phys. J. C41, 1-131 (2005), updated results and plots available at:
http://ckmfitter.in2p3.fr
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The CKM matrix and the Unitary Triangle

... but with LHCDb, this is no longer the case!
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Direct v measurements P

CKMfitter Group (J. Charles et al.), Eur. Phys. J. C41, 1-131 (2005), updated results and plots available at:
http://ckmfitter.in2p3.fr
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The CKM matrix and the Unitary Triangle

... but with LHCDb, this is no longer the case!

- o e e e
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CKMfitter Group (J. Charles et al.), Eur. Phys. J. C41, 1-131 (2005), updated results and plots available at:
http://ckmfitter.in2p3.fr
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The CKM matrix and the Unitary Triangle

Loop level measurements of y are dominated by sin(23) and B®/B2 mixing
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CKMfitter Group (J. Charles et al.), Eur. Phys. J. C41, 1-131 (2005), updated results and plots available at:
http://ckmfitter.in2p3.fr
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The CKM matrix and the Unitary Triangle

LHC seminar by P. Li and V. Jevtic on 13th June 2023:
Single most precise measurement of sin(2/3)

= 1.00 sm(2[3) = sm(2¢1) %

PRELIMINARY
0.75 Fit T

1 BaBar 0.657'£0.036 £ 0.012
_ —r—d B
+ BB yield asymmetry PRD 79 \2009?072009

BaBar Jy K, 0.604+0.061 £ 0.031
0.50 PRD 79 (2009] 072009 :
) BaBar y(2S) Kg aagnomotoo'ge
PRD 79 (2009) 072009 ;
25 Belle iy K 0.670+0.020 0013
0.25 PRL 108 (2072) 171802 —* :
Belle iy K, 0.642+0.047 0,021
.00 1 PRL 108 (2012) 171802 * H
: Belle y(2S) Kg 07180090 £ 0.031
PRD 77 (2008) 091103(R) :
095 1 LHCb Run 1 J/y K. 0.750 £ 0.040
0.25 JHEP 11 (2017) 170 > A H
LHCb Run 1 (25) Kg 0.840£0.1p0 £ 0010

JHEP 11 (2017) 170

LHCb Run 2 Jiy K [,
LHCb-PAPER-2023-013 4

LHCb

07200014 £ 0.007
Preliminary

075 1 LHCb Run 2 y(2S) K, 0647 +0.053 £ 0.018
-0 B (= 11’)]’”(% atro) LHCb-PAPER-2023-013 H
World Average H 0.708 +0.011
~1.00 L L L L L L L HFLAV H
o 2 4 6 8 10 12 4 05 06 07 08 09 1

t[ps

World average: sin(25) = 0.708 £+ 0.011
B = (22.5 £ 0.4)°
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The CKM matrix and the Unitary Triangle

From B°/B? mixing, |V,,V};| is measured
This is dominated by lattice QCD uncertainties

— BY » D;nt — BY - BY —» D;nt  — Untagged

Nature Physics 18, (2022) 1 t [ps]

HFLAV averages:
Amy = (0.5065 4 0.0019) ps™ & Am, = (17.765 + 0.006) ps~*
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The CKM matrix and the Unitary Triangle

Similar global fits have also been performed by UTfit, with similar results
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http://www.utfit.org/UTfit/
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The CKM matrix and the Unitary Triangle

Why is the CKM angle v of interest?

@ Negligible theoretical uncertainties: ideal SM benchmark
e Hadronic parameters are free parameters

@ Only CKM angle accessible in tree level decays
e Don't expect new physics at tree level, new particles appear in loops

© We want to overconstrain the Unitary Triangle
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The CKM matrix and the Unitary Triangle

Why is the CKM angle v of interest?

=& 3 H

T =z 3 Dominated by
“EE = .

T af 2 lattice QCD

E i E
n.|£— ] > _2
R ) m m m m o

P

Loop level: v = (65.5°%%)°

CKMfitter Group (J. Charles et al.), Eur. Phys. J. C41, 1-131 (2005), updated results and plots available at:
http://ckmfitter.in2p3.fr

With precise v measurements, we can compare with the indirect loop level
measurements, which assume unitarity (“SM prediction™)
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How to measure 7

How to measure ~?

It's all about interference!
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Sensitivity through interference

Measure v through interference effects in B* — DK*

s ( b ul -
} >
u W c
w
B~ |
o } e I
T _ _———— _
] a tu ]

Favoured B~ — D°K~ CKM-colour suppressed B~ — DOK ™

Interference when D° and D° decay to a common final state fp
DK~
fDK_
25th July 2023 28
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Sensitivity through interference

Measure v through interference effects in B* — DK*

s ( b ul -
}K }DO
u W c
w
B~ |
o ! e I
T _ _——— _
] ] tu i

Favoured B~ — D°K~ CKM-+-colour suppressed B~ — DK~

b — ucs and b — cis interference — Sensitivity to

A(B™) = Ap(Apo + r %2 =7 Ag,)
A(BT) = Ap (Ao + rg €% 77 Ap)
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Sensitivity through interference

Measure v through interference effects in B* — DK*

s ( b ul -
}K }DO
u W c
w
B~ |
o ! e I
T _ _——— _
] ] tu i

Favoured B~ — D°K~ CKM-+-colour suppressed B~ — DK~

b — ucs and b — cis interference — Sensitivity to
A(B™) = Ag(Apo + 15 €' %8 =7 A,)
A(BT) = Ap(Ago + rg e 8 77 Ap0)
The magnitude of interference effects governed by rg =~ 0.1
25th July 2023 30
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Sensitivity through interference

Measure v through interference effects in B* — DK*

s ( b ul -
}K }DO
u W c
w
B~ |
o ! e I
T _ _——— _
] ] tu i

Favoured B~ — D°K~ CKM-+-colour suppressed B~ — DK~

b — ucs and b — cis interference — Sensitivity to
A(B™) = Ag(Apo + rg %8~ ) Ag,)
A(BT) = Ap (Ao + rg €87 4p0)
The strong-phase difference dg accounts for all unknown QCD phase shifts
25th July 2023 31
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Sensitivity through interference

Measure v through interference effects in B* — DK*

s ( b ul -
}K }DO
u W c
w
B~ |
o ! e I
T _ _——— _
] ] tu i

Favoured B~ — D°K~ CKM-+-colour suppressed B~ — DK~

b — ucs and b — cis interference — Sensitivity to
A(B™) = Ap(Apo + rg %2 77 As,)
A(BY) = Ag(Ago + rg €% 171 Ap)

The weak phase v swaps sign under CP

25th July 2023 32
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Sensitivity through interference

Measure v through interference effects in B* — DK*

s ( b ul -
u W c
w
B §
Cc S
B~ { b } DO } K~
_——————————— _—
u u \ u u
Favoured B~ — D°K~ CKM-+-colour suppressed B~ — DK~

b — ucs and b — cis interference — Sensitivity to

A(B™) = Ap(Apo + g %8 77 A5,)
A(BT) = Ap(Ago + rg €8 77 4p0)

v, rg, dp are free parameters = No need for inputs from theory
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Sensitivity through interference

Measure v through interference effects in B* — DK*

s ( b ul -
}K }DO
u W c
w
B~ |
o it I
T _ _——— _
] ] tu i

Favoured B~ — DK™ CKM-colour suppressed B~ — DOK ™

b — ucs and b — cis interference — Sensitivity to

A(B™) = Ag(Apo + [1g €2 77 A 5,)
A(BT) = Ap(Ago + rg €877 4p0)
Note: Even at tree level, BF is 3.6 x 107%* == Very challenging!
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The LHCb detector

The LHCb detector

(Original Run 1 and 2 detector)
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The LHCb detector

LHCb: A beauty experiment with a lot of charm
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The LHCb detector

VELOQO: Vertex locator to reconstruct B and D vertices
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The LHCb detector

3

. 8 = 10\ T T
= LHCb LHCb
B 9fb~" 9" |
S B~ — DK~ B* — DK+
= + Data
% M Bt - DK*
= 4 W Bt - Drt b
E WB - DK'X
'E WB - DrtX
S Combinatorial

2 —

0 L Il L Il

5.2 5.4 5.6 5.8 5.2 5.4 5.6 5.8

mpx- [GeV/e?] mpg+ [GeV/e?]

LHCb-PAPER-2022-017

Example of B¥ — DK™ selection
(D— K ntr—nt)
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LH

3
8 X 10‘ :
= LHCh
= il .
= Bt — DK+
= + Data
8 W B DKY
< 4 W B - Drt -
< W5 o DK'X
e W5 DX
& Combinatorial
2 —
0 L L L L
5.2 5.6 5.8 5.6 5.8

mpx- [GeV/e?] mpg+ [GeV/e?]

Correctly reconstructed B* candidates
High signal efficiency
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LH

3

8 X 10‘ :
e .
> LH(iP
< 9fb
= 6 - B
S BY = DK
= + Data
8 W B DKY
< 4 W B - Drt -
< WB o DK'X
g WB DX
& Combinatorial

2 —

0 L L

. 5.2 5.4 5.6 5.8
mpx- [GA/? mpg+ [GeV/e?]

b-PAPER-2022-017

Partially reconstructed background
B decays with missing pion or photon
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LH

3
8 ><10‘ :
= LHCb
S ol ot +
S B~ — DK~
=
2
s -
=]
5
=
<
O 2
0 L Il
5.2 5.4 5.6 5.8 5.2

Martin Tat (University of Oxford)

mpr- [GeV/c?

LHCb-PAPER-2022-017

LHCb

9fb?

B — DK*

+ Data

W Bt - DK*

MW Bt — Drt

BB - DK*X

W3 - DrtX
Combinatorial

5.4

5.6

L
5.8

mpg+ [GeV/e?]

Excellent mass resolution
Signal is well separated from partially reconstructed background

CERN LHC seminar
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LH

3
8 - 10\ T T
= LHCb LHCb
B 9fb~" 9" |
S B~ — DK~ Bt — DK+
= + Data
7 W B DK
< 4 W B - Drt -
< W5 o DK'X
e W5 DX
& Combinatorial
2 —
0 L L L L
5.2 5.4 5.6 5.8 5.2 5.4 5.6 5.8
mpx- [GeV/e?] Mpi+ [GeV/e?]

LHCb-PAPER-2022-017

Extremely low combinatorial background
Clean environment at a hadron collider
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The LHCb detector

RICH: Identify particles from B and D
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The LHCb detector

3
8 ><10‘

LHCb

9fb~t

Bt — DK*

+ Data

W Bt DK+

W Bt Drt —

W B - DK'X

W3 - DrtX
Combinatorial

Candidates/ (10 MeV/c?)

| |
5.6 5.8
mpx+ [GeV/e?]

| |
5.6 5.8
mp- [ GeV/c?

5.2

Mis-ID from Dn* — DK™ is almost negligible
Without PID, this background would be 13 times larger than signal!
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The LHCb detector

Trigger: an important part of the LHCb detector

LHCb Trigger Run 2

[ Bunch crossing rate ]

‘ MHz
L0 Hardware trigger
high pr/Er signatures

@ Reduces rate of collisions saved
by three orders of magnitude

1 MHz

[ High Level Trigger 1 ]

partial event reconstruction

@ Online reconstruction with
real-time calibration

I kHz

10 PB Alignment &
buffer Calibration

Software trigger

High Level Trigger 2
full event reconstruction

@ High efficiency and high purity

‘ kHz

JINST 14 (2019) 04, P04013
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Methods for measuring

Methods for measuring ~y

How to interpret asymmetries?
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What D final states?

Several methods are used to measure v precisely
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What D final states?

Several methods are used to measure v precisely
@ CP eigenstates ( “GLW method")

o D KtK—, nta—, ...
o Phys. Lett. B 253 (1991) 483, Phys. Lett. B 265 (1991) 172
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D decays to a CP eigenstate

Naively, we expect the size of CPV effects to be around rg =~ 10%

For CP eigenstates, Apo = A

DOK— ADo

_ABrBe ‘SB’Y)\) DOK_ ADO

|A(B™) P 1+ rg + 2rg cos(dg — 7)
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D decays to a CP eigenstate

Naively, we expect the size of CPV effects to be around rg =~ 10%

For CP eigenstates, Apo = A

DOK— ADo

_ABrBe ‘SB’Y)\) DOK_ ADO

|A(B™) P 1+ rg + 2rg cos(dg — 7)
4-fold degeneracy: (v, dg) — (dg,7) or (7 —~y, ™ — 0B)
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D decays to a CP eigenstate

5200 5400
m([K*KpK~) [MeV/c)

5200 5400
m([KTK™|pK") [MeV/c

LHCh
9!

LHCb
9 b

Candidates / (4.0 MeV/c?)

Iy

100

5200 5100

5000 5200 5400
m([rt7"]pK ™) [MeV/c?

m([mtr ] pK") [MeV/c?

Partially reconstructed background JHEP 04 (2021) 081

In B — [hTh~|pK*, we see significant CPV effects

Martin Tat (University of Oxford)
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What D final states?

Several methods are used to measure v precisely

@ CP eigenstates ( “GLW method")
o D KtK—, nta—, ...
o Phys. Lett. B 253 (1991) 483, Phys. Lett. B 265 (1991) 172

@ Doubly-Cabibbo Suppressed decays (“ADS method")
o D K nt, Kconte—nt, ..
e Phys. Rev. Lett. 78 (1997) 3257
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Doubly Suppressed Cabibbo D decays

Asymmetries can be enhanced with a DCS decay: Apo = rDe"‘SDAD-o

Interference between CF and DCS decays

DOK— rDe”SD.A 5o (rp~0.06)
DK_

(rB%O.l) ABrBe’(‘;B"/)\) DOK_ 'ADO

|A(B™)|?oc B + rg + 2rgrp cos(dg — v + 0p)
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Doubly Suppressed Cabibbo D decays

Asymmetries can be enhanced with a DCS decay: Apo = rDe"‘SDAD-o

Interference between CF and DCS decays

DOK— rDe”SD.A 5o (rp~0.06)
DK_

(rB%O.l) ABrBe’(‘;B"/)\) DOK_ 'ADO

|A(B7)|Pex rj + rg + 2rgrp cos(ég — v + dp)
rp =~ tan®(f.) due to CKM suppression
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Doubly Suppressed Cabibbo D decays

Asymmetries can be enhanced with a DCS decay: Apo = rDe"‘SDAD-o

Interference between CF and DCS decays

DOK— rDe”SD.A 5o (rp~0.06)
DK_

(rB%O.l) ABrBe’(‘;B"/)\) DOK_ 'ADO

|A(B™)|Po rh + rg + 2rgrp cos(dp — v + 0p)
Almost 4-fold degeneracy since §p =~ 180°
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Doubly Suppressed Cabibbo D decays

Asymmetries can be enhanced with a DCS decay: Apo = rDe"‘SDAD-o

Interference between CF and DCS decays

DOK— rDe"SD.A 5o (rp~0.06)
DK_
(rB%O.l) ABrBe’(‘;B ") DOK_ ADO

|A(B™)[?x rp + rg + 2rprp cos(6g — v + 0p)
rp and dp can be measured in charm mixing or directly at charm factories
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Doubly Suppressed Cabibbo D decays

LHCb K3 LHCb

Z 9 bt =z 200 9 fh!

= =

= S 1504l

T TSy, " - T T -——--

? B+ Emo B—

= <
O 0 000 5200 5400 O 05000 5200 5400 ‘

m([K 77 ]pK~) [MeV/c? m([K~7"]pK™") [MeV/c?]

JHEP 04 (2021) 081

B* — [KTn%]pK™ has lower statistics, but a spectacular
asymmetry!

Note: Total branching fraction is 5.5 x 1078!

Martin Tat (University of Oxford) CERN LHC seminar
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Doubly Suppressed Cabibbo D decays

Ky LHCh
=20 o
=

Sosolmmi e W | S 1sodil

N

100 B-
< 50

o0 5200 5400

m([K~7"pK™") [MeV/c?]

Large background from B? — DMK =7+ with missing 7+

Since D™ has the opposite flavour to signal, it is Cabibbo favoured
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Doubly Suppressed Cabibbo D decays

0 )

3, > LHCh

% = 200 0 fh-!

= =

S = 150 fiflli

z Ewa B-

< = 50

© 5000 5200 5400 - 5000 5200 5400 ‘
m([K 77| pK~) [MeV/c? m([K~7"]pK™") [MeV/c?]

JHEP 04 (2021) 081

Asymmetry is also seen in the double-peaked background

Partially reconstructed B* — D*K® decays, where D* — Dr°
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Combined CP eigenstate and DCS decays

2 LHCh
g & 150 - 9 fh!
e}

100

501 — 68% C.L.
95% C.L.
99.7% C.L.

e  D—Kth™

0 50 100 150

JHEP 04 (2021) 081

4 solutions from CP eigenstates and DCS decays
Need further inputs to resolve this degeneracy
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What D final states?

Several methods are used to measure v precisely

@ CP eigenstates ( “GLW method")
o D KtK—, nta—, ...
o Phys. Lett. B 253 (1991) 483, Phys. Lett. B 265 (1991) 172

@ Doubly-Cabibbo Suppressed decays (“ADS method")
o D K nt, Kconte—nt, ..
e Phys. Rev. Lett. 78 (1997) 3257

@ Self-conjugate multi-body final states (“BPGGSZ method”)

o D— K27T+7T_, KSK+K_,
o Eur. Phys. J. C 47 (2006) 347, Phys. Rev. D 68 (2003) 054018
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Multi-body D decays

@ Multi-body decays can have many intermediate resonances

@ Decay amplitudes therefore vary across “phase space”

Degrees of freedom for an N-body decay

4N (momentum components)
- N (E12 - P,2 = m2)

i
— 4 (energy-momentum conservation)

— 3 (choice of frame)

= 3N — 7 degrees of freedom
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Multi-body D decays

For 3-body decays, phase space is two-dimensional: Dalitz plots

m?(K3nt) [GeV?/c?

05 1.0 15 20 25 3.0
m?(Kgr~) [GeV?/c!]
JHEP 02 (2021) 169
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Multi-body D decays

For 3-body decays, phase space is two-dimensional: Dalitz plots

D° — K*— gt

m?(K3nt) [GeV?/c?

05 1.0 15 20 25 3.0
m?(Kgr~) [GeV?/c!]
JHEP 02 (2021) 169
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Multi-body D decays

For 3-body decays, phase space is two-dimensional: Dalitz plots

Koo ——— DO — K*~rt

m?(K3nt) [GeV?/c?

05 1.0 15 20 25 3.0
m?(Kgr~) [GeV?/c!]
JHEP 02 (2021) 169
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Multi-body D decays

B* decay rate depends on the phase space position ¢

More importantly, the asymmetries across the Dalitz plot depend on the
D° and DO strong-phase difference §p

Ap DOK— -———___ Apo(®)

~
~
~
N
N

N

B~ DK~

s
ABrBefws—w\> DOK™ =77 rp(®)en(®) A0 (@)

JA(B™)Pox 1+ r3rd () + 2rgrp(®) cos(dp — v + 6p(P))
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Multi-body D decays

%
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<]

o

h

<%

K

E B+

decays
05 1.0 1.5 20 25 3.0 05 1.0 15 20 25 3.0
m?(K2n~) [GeV?/ct m?(Kdrt) [GeV?/c?]

B~ = [K¥nTn"pK™ BT = [KdnTn~|pK™

JHEP 02 (2021) 169

Can you find the asymmetries?
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Multi-body D decays

%

o

>

<]

o

h

<%

K

E B+

decays
05 1.0 1.5 20 25 3.0 05 1.0 15 20 25 3.0
m?(K2n~) [GeV?/ct m?(Kdrt) [GeV?/c?]

B~ = [K¥nTn"pK™ BT = [KdnTn~|pK™

JHEP 02 (2021) 169
Can you find the asymmetries?
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Multi-body D decays

3.0 1
%
o
>
<]
o
h
<%
K
E B+
0.5 1 decays
05 1.0 1.5 20 25 3.0 05 1.0 15 20 25 3.0
m?(K2n~) [GeV?/ct m?(Kdrt) [GeV?/c?]
B~ = [K¥nTn"pK™ BT = [KdnTn~|pK™

JHEP 02 (2021) 169
Can you find the asymmetries?
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Multi-body D decays

@ Interpretation of v from the multi-body charm decays requires
knowledge of dp(®), which vary across phase space

@ This can be modelled:
@ Decay amplitude takes the form A(®) = >, aiF;
@ Lineshapes F; can be Breit-Wigner, etc.
© Fit |A|? to data to determine the complex coefficients a;

5000 |- ¢

‘(a) 1

< < T T T T T
& & 25000 | 1
EN b (b)
o o
o] o]
o 4000 1 & 20000
S S
3 ]
§ 3000 1 £ 15000 |
€ €
w w
2000 | 1 10000
1000 | 1 5000 |
o . . . . . o n n n
0 05 1 15 2 25 3 0 15 2 25 3
m?2 (GeV?/c?) m?2 (GeVZ/c?)

Phys. Rev. D 73 (2006) 112009
Use A(®) to predict dp(P)
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Multi-body D decays

@ Interpretation of v from the multi-body charm decays requires
knowledge of dp(®), which vary across phase space

@ This can be modelled:
@ Decay amplitude takes the form A(®) = >, aiF;
@ Lineshapes F; can be Breit-Wigner, etc.
© Fit |A|? to data to determine the complex coefficients a;

5000 |- ¢

‘(a) 1

< < T T T T T
& & 25000 | 1
EN b (b)
o o
o] o]
o 4000 1 & 20000
S S
3 ]
§ 3000 1 £ 15000 |
€ €
w w
2000 | 1 10000
1000 | 1 5000 |
o . . . . . o n n n
0 05 1 15 2 25 3 0 15 2 25 3
m?2 (GeV?/c?) m?2 (GeVZ/c?)

Phys. Rev. D 73 (2006) 112009

Problem: How do we know the model prediction of dp(®) is correct?
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Multi-body D decays

@ Interpretation of v from the multi-body charm decays requires
knowledge of dp(®), which vary across phase space

@ This can be modelled:
@ Decay amplitude takes the form A(®) = >, aiF;
@ Lineshapes F; can be Breit-Wigner, etc.
© Fit |A|? to data to determine the complex coefficients a;

5000 |- ¢

‘(a) 1

< < T T T T T
& & 25000 | 1
EN b (b)
o o
o] o]
o 4000 1 & 20000
S S
3 ]
§ 3000 1 £ 15000 |
€ €
w w
2000 | 1 10000
1000 | 1 5000 |
o . . . . . o n n n
0 05 1 15 2 25 3 0 15 2 25 3
m?2 (GeV?/c?) m?2 (GeVZ/c?)

Phys. Rev. D 73 (2006) 112009

Serious problem: No reliable method for evaluating the 0p(®) uncertainty!
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Multi-body D decays

Solution: Measure 6p(®) directly at charm factories

@ Divide phase space into “bins” using the amplitude model

@ Bins should encompass regions with similar 6p(®)
- Avoid diluting the sensitivity to v

© Measure the average 6p(®P) in each bin

e =
8 K H
7 E z
6 ¥ B
53
i
E
=t
2
1
05 1.0 L5 20 25 30 . 14 16 1.8
m? [GeV?/ct] JHEP 02 (2021) 169 m2 [GeV¥c!]
Kot r™ KIKTK™
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Multi-body D decays

Solution: Measure 0p(®) directly at charm factories

@ Interpretation of v becomes model independent
- v is theoretically clean = Avoid introducing any theory uncertainties

@ In fact, the LHCb ~ combination is completely model independent!

- -
3 X 3
:
7 <} :
6_ H 2
H
15
:
3
2
1
0.5 1.0 1.5 2.0 2.5 3.0 § - 14 o 1.6 B 1.8
m [GevEye] JHEP 02 (2021) 169 GV
Krtm™ KIKTK™
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Multi-body D decays

Solution: Measure 0p(®) directly at charm factories

@ Interpretation of v becomes model independent
- v is theoretically clean = Avoid introducing any theory uncertainties

@ In fact, the LHCb ~ combination is completely model independent!

@ Furthermore, the interpretation of v only uses relative bin yields —
No dependence on production or detection asymmetries

m2 [GeV¥cd]
[Bin number|

™

05 10 15 20 25 30 . 14 16 18
mi [GeV?/e'] 2 [GeV¥ct]

_ JHEP 02 (2021) 169 _
Kot (2021 KoK+ K
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Multi-body D decays

Quick digression: Charm factories 101

Consider charm production at threshold: ete~ — 1(3770) — D°D°

e (3770) — D°DO decay conserves C = —1

¥(3770)
D - > D

@ DD pair are entangled, or quantum correlated

@ Decay properties, such as branching fractions, are correlated
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Multi-body D decays

Quick digression: Charm factories 101

Consider charm production at threshold: eTe~ — (3770) — D°D°

e )(3770) — D°DO decay conserves C = —1

¥(3770)

D_ - > Dy — KtTK~

e If, for example, the tag is CP-even, D, — KT K™, the other D meson
is forced into an CP-odd state
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Multi-body D decays

Quick digression: Charm factories 101

Consider charm production at threshold: ete™ — (3770) — D°D°

@ CP-odd wave function and decay rate:

A(D_) =A(D°) — A(D%) =

[A(D-)[* =|A(D%)2 + | A(D) | — 2] A(D°)]|A(D°)] cos(dp)

Charm factories have direct access to dp

Martin Tat (University of Oxford) CERN LHC seminar 25th July 2023



The LHCb ~ combination

The LHCb v combination

How to combine a decade of v measurements
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The LHCb ~ combination

1, 0.16 R R R T —
+ 5 B~ D", D°~ KZhh R
oo T JDNE B'- D™, D’ hhrf/har IF;eII;'n%B ]
0.14~ 20 B'-D, D°~h'h" October 2022
L | SR Al B~ D°h* modes ]
0.12 } - Beauty and Charm E
01f ]
0.081- ]
0.06 L I I [ I I u

30 40 50 60 70 80 90

JHEP 12 (2021) 141

Currently, ¥ measurements are dominated by B* — Dh*
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The LHCb ~ combination

4 0.16  ————— —
+ B B*- D’h*, D°~ Khh -
oh | /DK ]
— | BN B D, D°- hhr/h3m IF;eII;'n%B ]
0.14  1m 5'- D%, D°-n'h" October 2022
L | SR Al B~ D°h* modes ]
- | (I Beauty and Charm 4
012 = B
0.1 b
0.08 - |
0.06 = ——

3 90

JHEP 12 (2021) 141

CP eigenstates and DCS decays: Narrow bands of degenerate solutions
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The LHCb ~ combination

1 0.16 R R R T —
+| r B~ D", D°~ KZhh R
oo T JDNE B'- D™, D’ hhrf/har IF;eII;'n%B ]
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01f ]
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0.06k . A A A -

30 40 50 60 70 80 90

JHEP 12 (2021) 141

Self-conjugate multi-body decays: Wider, but unique solution
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The LHCb ~ combination
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JHEP 12 (2021) 141

A combination of direct v measurements is necessary!

Martin Tat (University of Oxford)

CERN LHC seminar

25th July 2023
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The LHCb ~ combination

Other B decays are also interesting for v measurements:

@ Bt - DK*
Q@ Bt - D*OK*
@ B° — DK*0
Q@ BY - Dy K+

- And many more...
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The LHCb ~ combination

Other B decays are also interesting for v measurements:

@ BT — DK* + Golden mode
Q@ B* - DK+

@ B° — DK*0

Q@ BY - Dy K+

- And many more...
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The LHCb ~ combination

Other B decays are also interesting for v measurements:

@ B* — DK* « Golden mode
Q@ BT — D*°K* « New results!
Q B° — DK*® « New results!
Q@ BY - Dy K+

- And many more...
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The LHCb ~ combination

Other B decays are also interesting for v measurements:

@ B* — DK* « Golden mode
Q@ BT — D*°K* « New results!
Q B° — DK*® « New results!
Q@ BY — D K* < Coming soon

- And many more...
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The LHCb ~ combination

Other B decays are also interesting for v measurements:

Most Run 1 and 2 measurements are included,
but today | will also report on several new results

o B:t — DK:E Measurement X No. of obs.
BF = DhE,D — hEh'™ 2.37 8
* B* = Dh*,D — KOhth 4.80 6
Q B* - D*OK* B* 5 Db D — KiicEa™ 7.29 7
BE = D*h*,D - h*0/'F 7.49 16
o B® — DK*0 5 | B 5 DK*:,D - hEWF(rtr-) 344 12
g | B - DK™, D — h*W/F(rtn™) 9.90 12
0 — = | B® - DK™, D — K3hth™ 3.36 4
o Bs — Ds K+ Z | B* ~>Dhi1r+77’,Ds~> hER'F 1.36 11
& | B = DFK* 5.94 5
- And many more... BY = DFK*ntn- 275 5
BY - D¥gp* 0.00 2
B* = Dh*, D — hEn'Fa0 5.91 11
B* - Dh*,D — K*rFrtn- 4.20 6
B* - DhE, D — nta ntn~ 0.81 3

LHCb-CONF-2022-003
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The LHCb ~ combination

Other B decays are also interesting for v measurements:

Small (2.20) tension between B and B°, which is believed to be statistical

.\ LHCDb!

Preliminary
o B:l: _> DK:l: Oc(obefzﬁagi
Q@ B* — D*K*
@ B% — DK*®
Q@ BY - Dy K+
- And many more... 0
50 6 70 8 90

LHCb-CONF-2022-003
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The LHCb ~ combination

Our most precise knowledge of v comes from the
combination measurements

1

LHCb -
i 2055

1-CL

40 50 60 70 80

90
y [

LHCb-CONF-2022-003

This is the most precise determination of v by a single experiment!
We also benefit from BESIII strong-phase and charm-mixing measurements
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The LHCb ~ combination

Our most precise knowledge of v comes from the
combination measurements

a1 T
? 1 LhCh:
— o8l October 20— |
08| 638 ]
0.4 -
02 ]

40 50 60 70 80

90
o
y[°]
LHCb-CONF-2022-003

Combined result: ~ = (63.8732)°
Run 2 target: Ay = 4° — We did better than expected!
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The LHCb ~ combination

Our most precise knowledge of v comes from the
combination measurements

| l,‘ T ' ]
Q@ I LHCD |
I sl lmiy
06 63838 ]
0.4} -
02 .

40 50 60 70 80

90

o
v [
LHCb-CONF-2022-003

Combined result: ~ = (63.8733)°
Compare with Belle: v = (77.37123)° Phys. Rev. D 85 (2012) 112014
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The LHCb ~ combination

Our most precise knowledge of v comes from the
combination measurements

| li T ' ]
Q@ I LHCD |
I sl lmiy
06 63838 ]
0.4} -
02 .

40 50 60 70 80

90
y [
LHCb-CONF-2022-003
Combined result: ~ = (63.8733)°
Compare with BaBar: v = (69717)° Phys. Rev. D 87 (2013) 052015
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Neutral B decays

Neutral B decays

More interference with less statistics
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Neutral B decays

Neutral B decays are analysed with an identical strategy:

LHCb-PAPER-2023-009 (in preparation) New results!

BY — (K2h+h_)D(K+7T_)K*
This results supersedes that of JHEP 08 (2016) 137
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Neutral B decays

In B — DK*?, there is no relative colour suppression

( b u} 50 ( b c} e
w ¢ w @
0 0
B { B®
S S
} K*O } K*O
T _ T — _
\ d d \ d d
CKM suppressed B® — D°K*°

Favoured B® — DOK*°

The interference is therefore expected to be ~ 3 times larger
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Tracking and vertexing in LHCb, PoS VERTEX2018 (2019) 039

@ Two separate selections of Kg:
@ LL (Long track): K2 decays in the VELO

@ DD (Downstream track): K2 decays downstream of the VELO

Martin Tat (University of Oxford) CERN LHC seminar 25th July 2023



LHCb
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o B% — DK*? candidates with D — K277~ (D — KKTK™):

Q LL: 102417 (12 £ 6)
Q@ DD: 288 25 (32 + 8)
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LHCb-PAPER-2023-009

@ Measured CP-violating observables:

x4 = rgocos(dgo =) and y1 = rgosin(dgo + )

@ Measured value of v is consistent with world average:

o v = (49 £ 20)°
o 0o = (236 £ 19)°
o rgo =0.27£0.07
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LHCb-PAPER-2023-009
@ Measured CP-violating observables:
X4 = rgocos(dgo £ ) and yi1 = rgosin(dgo )
@ Measured value of v is consistent with world average:

o v = (49 +20)° « This will reduce tension between B® and B*
e 0go = (236 +19)°
o rgo = 0.27 £ 0.07
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@ Measured CP-violating observables:

LHCb
9fp" |

Preliminary

x4 = rgocos(dgo £ ) and yi = rgosin(dgo £ )

@ Measured value of v is consistent with world average:
o v = (49 4 20)° < This will reduce tension between B and B+

o Sgo = (236 +19)°

e rgo = 0.27 £ 0.07 <~ Compatible with expectation: rgo ~ 3rg+
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o Compare relative bin yields between B (B°) bin pairs

@ Expect asymmetries to change in sign/magnitude across different bins
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Neutral B decays
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LHCb-PAPER-2023-009
® Red line:
© Bin asymmetries are predicted from fitted parameters (x, y41)

@ A good agreement between fit and individual asymmetries is found
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B decays to excited D* final states

B decays to excited D* final states

A measurement with neutral particles
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B decays to excited D* final states

B~ — D*K~ decays are also a powerful probe of CPV:

LHCb-PAPER-2023-012 (in preparation) New results!
KS

B~ — [Dy,m%p-K~, D — K2rtm~

Analysis is similar to B* — DK*
Requires additional reconstruction of D* — D7° and D* — D~
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B decays to excited D* final states

CP of the D* — Dn% and D* — D~ decays must be
considered carefully

D D
B~ - 7° B~ - g
K~ K~
B~ — [Dn°]p-K~ B~ — [Dy]p- K~
Angular momentum conservation Parity conservation

Both decays must proceed with L = 1 due to conservation laws
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B decays to excited D* final states

CP of the D* — Dn® and D* — D~ decays must be
considered carefully

D D
B~ -7 70 B~ -7 v
K~ K~
B~ — [Dr°p~K~ B~ — [Dy]p«K~
70 CP= -1 v: CP=+1

However, 7w and + have opposite intrinsic CP
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B decays to excited D* final states

CP of the D* — Dn® and D* — D~ decays must be
considered carefully

D D
B~ Y B !
K- K™
B~ — [Dr°p- K~ B™ = [Dylp- K™
A(DO) + rgeis—) A(DO) A(DP) — rge®a= 4(D0)

Due to the opposite CP, asymmetries of D® and D~ are expected to
be equal and opposite (Phys. Rev. D 70 (2004) 091503(R))
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B decays to excited D* final states

Reminder: Partially reconstructed background decays

Asymmetries previously measured for CP eigenstates and DCS decays

a0 N

1) <

T~ —~ LHCbh

=200 =20 o

= =

< 150 < 150

S &)

;100 EIOU B—

<= 50 < 50

= SR e—

= 0 7 L = 0 CRwT “

© 5000 5200 5400 - 5000 5200 5400 ‘
m([K 77| pK~) [MeV/c? m([K~7"pK") [MeV/c?]

JHEP 04 (2021) 081

This analysis aims to fully reconstruct the D* — D7°, D~ decays,
with D — K2hTh™, in bins of phase space
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B decays to excited D* final states

Small aside: reconstruct v and 7% — 7 in the ECAL

!/ Eeal HOAL M4 MS
/ SPDIPS M3 =

Magnet
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B decays to excited D* final states

T 8 LHCb < LHCb
3 9fbt 3 400 9fb?
% 6 Preliminary % Preliminary
IS o

g 9200

8 2 8

® Ok b

=l - 2 0!

5 5

<3 8

(@] (]

m(DK*)[MeV/c?

Signal peak
) LHCb ©
3 8 9ft 3
s 5 =
8 8
2 4 2
¢ 2 §
b} S i
he} 3 L =
g g 1300 1950 2000 2050
m(D°r®)[MeV/c? m(D%)[MeV/cF
D* — Dx° (a) D* — Dy

LHCb-PAPER-2023-012

A 2D fit is necessary to separate signal from background
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B decays to excited D* final states

B DK D

0 + B* o DK
B o D'K*. D

L5 LHCh + B* - pK* D
o Preliminary
: 1.0 ‘
.‘f; 0.5
E“ t‘b | % l T j’_'_lJ!_ o
NI L El | e
=05 -+

s -1 6 5 1 3 2 -1 I 2
effective bin number

LHCb-PAPER-2023-012

@ Good agreement between individual bin asymmetries and the
combined CP fit

@ Bin asymmetries between D* — Dr% and D* — D+ are generally
opposite in sign
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B decays to excited D* final states

« 025 ‘ : ——

02 - B; ‘am L LHCb 1
LHCD __|mm B 02 ol

imi N\ i Preliminary

0.1 Prellmlnary‘, a0\ L |

. l 0151 -

=00 ) L |

Q{{ /

- 0.1~ —
—0.1 L |
—0.2 0.05[ B

~ [ ntours hold 68%, 95% CL b

0 L L L
043 =01 00 0T 02 03 04 0 50 100 0
y[7

LHCb-PAPER-2023-012
These results provide strong constraints on +:
e v =(69+14)°
o 00°K = (311 £ 15)°
o rf"K =10.15+0.03
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Binned four-body decay: D° — K*K-ntn~

Binned four-body decay:
D - K*K—ntn~

A journey through five dimensions
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Binned four-body decay: D° — K*K-ntn~

Back to D® — K2h*h~ binning schemes, visualised on a Dalitz plot:

8 T 3
< 18 £
7 3 E
= | ) £
6 5 14 £
3
4 14
3
3=
1.2] 1
2
1
0.5 1.0 1.5 2.0 2.5 3.0 . K 1.6 1.8
m? [GeV?/c!] m?2 [GeV?/c4)
0 — 0 _
K57T+7T Ks /(+ K

@ Bin boundaries are optimised for sensitivity to v by CLEO

@ We would like to do this for D° = KTK—nt7n—...
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Binned four-body decay: D° — K*K-ntn~

Back to D® — K2h*h~ binning schemes, visualised on a Dalitz plot:

m2 [GeV?/c4)
&
|Bin number|

0.5 1.0 1.5 2.0 2.5 3.0 . K 1.6 1.8
m? [GeV?/c!] m?2 [GeV?/c4)

K¥nt o™ KKK~
@ ... but for a four-body decay, phase space is five-dimensional

@ Much more difficult to visualise!
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Binned four-body decay: D° — K*K-ntn~

But how do we define a binning scheme (in 5D)?

‘ Final state p; H Dalitz coordinate H }—)[Bin number!}
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Binned four-body decay: D° — K*K-ntn~

But how do we define a binning scheme (in 5D)?

‘ Final state p; H Dalitz coordinate H Amplitude model HBin number!}

Use an amplitude model! JHEP 02 (2019) 126

The model can predict the strong-phase difference, allowing us to
decide where to put bin boundaries
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In(ry)

[Bin number|

R N W OO N

-Tt 0

@ =0.90
Bins i < 0 on top, i > 0 below

I
AS, [rad]
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In(ry)

[Bin number|

R N W OO N

-Tt 0

Q =0.90
Bins i < 0 on top, i > 0 below

I
AS, [rad]
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Phase-space binned B* — [KTK ntr |pK*

Fully charged final state = Highly suitable for LHCb

a0 8 _.pm 3 < 8000 T o -
— B .DK* 3 S A

% 60 Charmless E %) 7000 ;?bclb —_— DaKn]:Tn{n“]

= 500 —D;K’(ﬂﬂ{n“] ] = 5000 — B D (D [h -

& B — g -D.L-DImph 3 Q — B D (-D[APh

© 400 _— g *S-E”B{nyh'f 3 © 5000 L

= B D% g —— B D[] E

g s00 - gﬂiDD';K[;E]rf] E ] 4000 —— Combinatoria

-§ 200 Part. reco. mis-1D _E g 3000 : 1[';;?: =

S : _(;ggjbmatonal E S 2000 E

g 100 —a— Data 18] 1000 E

0 5200 5400 5600 0 5200 5400 5600

m(DK*) [MeV/c] m(D77%) [MeV/c?]

Eur. Phys. J. C 83, 547 (2023)
o B* — [K*K—nt7n~|ph™ signal yield:
o BT — DK=: 3026 + 38
o BT — Drt: 44349 + 218
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Phase-space binned B* — [KTK ntr |pK*

Asymmetry

[ —<¢— Data
i Fit projection
| — — NoCPV prediction

-06F B*_DK*

[ 1 1 1 1 1 1 1 1
8-76-5-4-3-2-112345¢678

Bin number
Eur. Phys. J. C 83, 547 (2023)

@ Clear bin asymmetries are seen, and the non-trivial distribution is
driven by the change in strong-phase differences across phase space

@ While the interpretation of « require inputs from charm threshold, the
observed bin asymmetries are model independent
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Phase-space binned B* — [KTK ntr |pK*

From the phase-space binned asymmetries, we obtain:
(116+12)
5DK (81+12)
o rBK =0.110 +£0.020

X T T T T 7 f—
B B* . DK* LHCb > 7
L1 - - « /7
- ofpt | o108 / LHCb |
0.05F B F 7 ]

507
[ PSintegrated
— Binned
01 B B 3 [ LHCb 2021 /
] 0 L L L I L I
-0.2 -0.1 0 0.1 0 50 100 150
X2K y[°]

Eur. Phys. J. C 83, 547 (2023)
These results are model dependent, and show an almost 30 tension
with the v combination
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Phase-space binned B* — [KTK ntr |pK*

From the phase-space binned asymmetries, we obtain:
(116+12)
5DK (81+12)
o rBK =0.110 +£0.020

E>‘+| :I T T T : ,°_|
01F B*-.DK* LHCb 9 « 77
- ofp? 1 e 10f 7 LHCb
0.05f ] L / ] ¥

507
[ PSintegrated
— Binned
01 B B 3 [ LHCb 2021 /
] 0 L L L I L I
-0.2 -0.1 0 0.1 0 50 100 150
X2K y[°]

Eur. Phys. J. C 83, 547 (2023)
Ultimately, the charm strong-phase differences will be measured
directly at BESIII, and the v measurement will be model independent
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Summary and future prospects

The angle ~v of the
Cabibbo-Kobayashi-Maskawa ansatz

Almost the end of this seminar, but not the end of the journey!
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Future prospects

Future prospects:

@ The measurements presented today will make valuable improvements
when added to future «v combinations

- Current average: v = 63.83'_?

@ Several interesting Run 1+2 results are in the pipeline:

© Results with CP eigenstates and DCS decays from B® — DK*0 will
bring the ~ precision in B? closer to that in the B* system

@ Partially reconstructed analysis of BE* — D*h*, with D — th*h*,
will be complementary to the analysis presented today

© Time-dependent measurements, such as BB — D_;K+ with Run 2, will
be interesting to compare with results from B*/B°
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Future prospects

Exciting times ahead with fully software-based trigger:

LHCb 2015 Trigger Diagram LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
40 MHz bunch g rate (full rate event building)

< U I SRS Y 4

0S:!

LO Hardware Trigger : 1 MHz ‘Software High Level Trigger
readOUt' hlgh ET/PT SIgnatures [Full e_vent.recons_tructlon, |n_c|us|ve a_ndJ
450 kHz 400 kHz 150 kHz e
ht

-’ Software High Level Trigger . [ G D Berfonmioniing
. detector calibrat and alignment
Partial event reconstruction, select X
displaced tracks/vertices and dimuons

Buffer events to disk, perform online Add offline precision particle i i
detector calibration and alignment and track quality information to selections
: Output full event information for inclusive)
triggers, trigger candidates and related)
primary vertices for exclusive triggers
. J

12.5 kHz (0.6 GB/s) to storage 2-5 GB/s to storage

LHCb-FIGURE-2020-016
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Future prospects

Key details of LHCb Upgrade | (arXiv:2305.10515):

@ HLT1 will be run on GPU

@ HLT2 will perform full event reconstruction

© Much higher rate of interesting physics events

@ LHCb, during Run 3 and 4, anticipates to collect five times more data

v is dominated by statistical uncertainties, and will therefore greatly
benefit from the higher efficiencies with the new software trigger
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Future prospects

We expect to reach 1° precision after Run 4

sin2p

excioded ared has CL = 095

L L L L
02 00 02 04 08 08 10

&

F s s L s
R

Loop level: v = (65.5f12'_17)°

CKMfitter Group (J. Charles et al.), Eur. Phys. J. C41, 1-131 (2005), updated results and plots available at:
http://ckmfitter.in2p3.fr

We may finally be able to match the indirect precision on ~!

However, we also expect results from lattice QCD to improve
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Summary and future prospects

In summary:
© Long journey towards a precise determination of ~

@ Two recent results of B¥ — D*h* and B® — DK*0 with
D — th*h_, using external inputs from BESIII

© A binned measurement with the channel B* — [Kt*K~ntr~|pK*
has been performed for the first time
o Need external inputs for charm strong-phases from BESIII

@ LHCb is on track to reach a 1° precision on ~ after Run 3 and 4
e With Upgrade Il, we hope to bring this down further to 0.4°
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Summary and future prospects

In summary:
© Long journey towards a precise determination of ~

@ Two recent results of B¥ — D*h* and B® — DK*0 with
D — th*h_, using external inputs from BESIII

© A binned measurement with the channel B* — [Kt*K~ntr~|pK*
has been performed for the first time
o Need external inputs for charm strong-phases from BESIII

@ LHCb is on track to reach a 1° precision on ~ after Run 3 and 4
e With Upgrade Il, we hope to bring this down further to 0.4°

Thanks for your attention!
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Backup slides

Backup slides
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Binned four-body decay: D° — K*K-ntn~

A binning scheme must satisfy the following:
@ Minimal dilution of strong phases when integrating over bins
o Enhance interference between B — DOK* and BT — DOK=

How to bin a 5-dimensional phase space?

@ For each B* candidate, use the amplitude model to calculate

A(DO)
A(DY)

i0p

= rpe

@ Split dp into uniformly spaced bins
© Use the symmetry line rp = 1 to separate bin 4/ from —i

@ Optimise the binning scheme by adjusting the bin boundaries in §p
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