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Overview: CPV and mixing

The universe has more matter
than antimatter...

...but CPV in the SM is not
enough to explain this asymmetry

Precision measurements of CPV
and mixing could discover extra
asymmetry and new physics
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Overview: CPV and mixing in beauty

—:______————V a
E B — 7 via isospin rules
: _E —» 7
- | . X By, — Dh(h)(h) type
o0 o0z oa o8 08 10 deca)’S
p Can be measured at
( |Vdl Vs Vip|e™ ™ tree level
Vora = | ~IVed Ves|. Ver| mixing phases
|%d|e—Z5 —|Vts|€7ﬁs o - 8 P2 .
¢S - ﬁs'
B . Interference between
CPV from mixing: B B ¢ direct CPV and mixing
_ P, is often measured in
I'B—f)-I'(B— +x—
Aep(B — f) = LB =T(B =) B, — JIwK*K-,
I'B—f)+I'(B—f) B, - D.D,, etc
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What about charm?

LHCb-PAPER-2019-006
PRL 122 (2019) 211803

Reminder: observation of CPV in charm in 2019

Direct CPV: Difference in A-p between D’ — KK~ and

D° = ntn”
BSM CPV in charm may completely independent from the
down-quark sector

New rich area of investigation for experiment and theory
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https://doi.org/10.1103/PhysRevLett.122.211803

Overview of recent results from LHCb

BEAUTY: CHARM:

The B} system and ¥ Time-dependent D° — h*h~
Amg measurements Searches with neutral light
CKM y with BY mesons
y combinations for BY — Dh D(";) — h*z’or = h'y
CP-violating phase f, 0 0x0

The K7 puzzl D AT
eo & Pilzf € Measurement of the mass

B, — h™h mixing parameters in neutral
Bt — Kt0 charm
Searches for CPV in baryons Other LHC experiments:
=2, — pK K~ CPV results from ATLAS are
available as a poster during
WIN2021
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Mixing and CPYV in

beauty at LHCDb

The B! system and y

The Kr puzzle
Searches for CPV in baryons




How do we measure mixing?

Flavour tagging is needed to identify the initial state of the b
-hadron, especially if both B and B decay to the same final

state

same side

d
0ppo id
sy v 6 0S kaon
OS vertex charge )

site side

0S muon
OS electron

In charm, flavour is often identified by choosing D" or D°
decays from D* decays

DY —— possible mixing
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Summary of Am, results at LHCb

average| [HCh | | | ' | LHCb-PAPER-2021-005
R— B http://arxiv.org/abs/2104.04421
: Data: 2015-2018 (6 fb™)
Dyrtrta™ 9fb ' T
Dot 1t ] LHCb-PAPER-2020-030
J/OK K- 2 1 JHEP 03 (2021) 137
JJWETK= 3 | . ) . . : . . . - Data: 2011-2018 (9 fb_l)
17.64 17.66 17.68 17.70 17.72 17.74 17.76 17.78 . 0.5:. ———— T T
Am, (ps~) o ————————————————3 _£ 04f LHCb E
’ £ 03§ + Data 0.3E% B'»Dir*n*n s
5 02 — it 0.2F
. . = E 1 E
Flavour-specific final state: 7 01 _ 0.1F
. o pe . . 3 ] [0 S Ve e
simplifies calculation of time 0.0 1 -0l
dependent shape OlE ] 0
P P —02F o, LHCb 1 ~0.3F E
£ Bs - Ds x* 6fb ! 3 —0.4F 3
AFst —0.3F N +.++.+1 T F 1 I 1 E
t modulo 2/ Am [ps] t modulo (27t/ Am,) [ps]

o —1 if mixing occurs
)1 if not mixed

RESULT:

Most precise Am, to date from D z™*

Am, = 17.7683 + 0.0051 £ 0.0032 ps~*
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http://arxiv.org/abs/2104.04421
https://link.springer.com/article/10.1007/JHEP03(2021)137

Measuring y: recent results for B

. — — LHCb-PAPER-2020-030
¥y measured in the same BS — D, h™ntrn JHEP 03 (2021) 137

Data:2011-2018 (9 b ')

study as Am,

. . S\ T T T

Two different fits to CP parameters: c A LHCb ;
¢ Data _:

Model-independent fit: < ) g{; i

5 A BoDK m°

fit to decay time distributions g g°—>ll)>¥§k‘ A

5 O NN =B e omb. bkg. .

separation of the two final states from mixing- 5 @ Part. reco. bkg.

. @ B MisID bkg. .
inducedCPV g I~ ]
Model-dependent analysis: simultaneous fit to y._ N O
: : H : 5200 5300 5400 5500 5600 5700

5 mass combinations using amplitude of the DK 70 [MeV]
form . 0.5g ——— T3
T, 12 5 o 5 £ 04F LHCb =

[ AT (x)[7 = |A“(x)]" + 7 A% (x)] < 03k ~f=DK'mT + E

0.2F o feDiK o

0.1F =

Parameter Model-independent Model-dependent —O?: :
r 0.47 508 603 0.56 & 0.05 £ 0.04 £ 0.07 ook E
K 0.88 015 007 0.72 £ 0.04 £ 0.06 + 0.04 03 E
65 (°) -6 15 *2 —14+ 10 £ 4 +5 _04F E
o 19 6 E .y 3

v—=28, (°) 42 T35 1Y 2+ 10 + 4 +5 0% 0.1 0.2 0.3

t modulo 27/ Amy) [ps]
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https://link.springer.com/article/10.1007/JHEP03(2021)137

Measuring y: B — D"h decays

I RRRN

Total 1 B* — (D" — Dy)h* vz
Data I B - D*h*r |
B* — Dn* 3 B!— D'K*n¥
B* - DK* — B!— DK*n¥

B* — (D* — Dr')h* B* — Dntrta- —
B — (D~ — Dr¥)h* 3 B — Dhir E

Charmless
Crossfeed

(=)
A) = Ach*

Ag — D(i))ﬂ¥

LHCb-PAPER-2020-036

LHCb-CONF-2020-003

JHEP 04 (2021) 081

Misidentification

Combinatorial

..................................... b QDT

LHCb
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5400
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m((K*K-1pK") [MeV /]
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LHCb
Preliminary —
October 2020

[ ] B—=DI, D°—>hhn°/h3n%

[ B*—=D"h*, D°—=Khh
[ 1 B*—=D%",D’—h'h"
I All B*—D"h* modes

[=] Full LHCb Combination
‘ \ s

05000 5200 " 5400
m([K*K~|pK~) [MeV/?]
L, 02 ] B D", D'—hha' /13 en] = |
+ — . —>Nnnjr JT —
ka i o B*—D"h", D°—>K;hh l!—r‘eglgmby | S< . 150
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Data:2011-2018 (9 b ')

Measurement of
multiple neutral D
modes:

GLW:

D—- KK ,ntrn~

ADS: DY - K*7~
Acp and other CPV
results:

9 CPV parameter
results for D

19 results for D*
RESULT:
v from Bt : (6473)°
v from BT, BY, BY : (67 4 4)°
LHCb Combination, 68.3% CL
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https://link.springer.com/article/10.1007/JHEP04(2021)081

First measurement of the CP-violating phase in Bg — Jlw(eTe )

decays

. . . . LHCb-PAPER-2020-042
Different systematic uncertainties compared to SamMe | s /amiv.org/abs/2105.14738

decay with J/yw — pu:independent check Data:2011-2012 3 ™)

Mass fit for J/y¢ is divided into three categories based
on whether the electrons are Bremsstrahlung corrected y

Unbinned 4D fit: Bs decay time and
3 helicity angles < _

BY — J/w¢ is a mixture of two &'
CP-even components and one CP-
odd component

Candidates / (0.274 ps)

RESU LTS: - —CP-even - =
- e TG L ]
¢s = 0.00 £ 0.28 + 0.05 rad R L B R
ecay time [ps CoSU
AT, = 0.115 + 0.045 + 0.011 ps~* ST ES T B :

3fb!
. :

[
(=3
=

Iy =0.608 +£0.018 £ 0.011 ps—*

(=3
(=}
T T

[S5] S D
(= (=3
=] (=}

I

|

Consistent with J/yw — uu result
and with SM

Candidates / (0.314 rad)

(=)
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. I . . . I . . L
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https://arxiv.org/abs/2105.14738

Light hadrons, the Kz puzzle and CPV

B — hh, decays can be useful for many CPV parameters:
BY = 277~ contributes to measurements of «
Combined U-spin measurements of B — 77~ and B - KTK~
can measure ¥ and f,

The Kr puzzle:
Isospin arguments imply A-p(B" - K*77) = A -p(BT — K1),
but current average of the difference is nonzero at 5.5¢

B(K°wt) 7 B(K*T7Y) 7 2B(KO7Y)
0.+ +,0 To 0.0
ClenK A0 ey T L Aer KT () e

New results for BY - Kt7~ and Bt — K+7¥ are now
available
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Observation of CP violation in two-body Bg)-meson decays to charged

pions and kaons

Comparison of two methods of calculating asymmetries 02

L - . LHCb-PAPER-2020-029
Time-integrated Ap of K*z¥: calculated from time- JHEP 03 (2021) 075
dependent asymmetry with integrated PID, detector Data:2015-2016 (1.9 ™)
efficienc

y Z\ li ‘ T ‘ T ‘ ITT ‘ T ‘ T ‘ T \i,

. ) 4o 4 2 08 LHCb =
Time-dependent study in K"K~ and z77: E 06 19! =
2 04 K *7 ¥ sample j?#\

< - OS tagging E

:Q*\{ : | ]

. . H . H > O: 24 .
First observation of time-dependent CPV in B (>60) Py W E
- —0.4F E
A (t) —Cf COS(Amd(S)t) + Sf Sln(Amd(s)t) 06 ]
CP C |
COSh( d(s)t> AAFSth( d(s)t) _0'8;‘\ AN E.
Y e 8 10 12 14
— ———————————— o r LI L B R b Decay time [ps]
2 coook LHCb o 1600F LHCb E
3 3 I pawtom' 5 1400F f Daa 1o’ Crne = —0.311 £0.045 +0.015,
g S000¢ [Jw—xx{ = 1200 ) —Fokk ] San = —0.706 +0.042 +0.013,
8 C 1 3 C ]
S 4000} pon 1 5 1000F ff —woxx 1 (ABL )= —0.0824 + 0.0033 + 0.0033,
8 3000: A)— pK =, ] 800F = BY
3 - B"—>K*K ", ] - 1 A = 0.236 +0.013 4 0.011,
g C B>k ] 600 § E cpP
S 20005 - 3-Body bke. ] 400k 3 Ckk = 0.164 +0.034 4 0.014,
1000} Comb. bke. »00k ] SKkKk = 0.123 £0.034 4 0.015,
L L trsnaag ; | | | |E AT -
L L 3 AR = 083 2005 2009,
m(K"K") [GeVic] Decay time [ps] Result for 2015+2016
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https://doi.org/10.1007/JHEP03(2021)075

Measurement of CP Violation in the decay B — K*7°

g — ~ N — LHCb-PAPER-2020-040
00 LHCb -3 L9000 LACH 3 PRL 126 (2021) 091802
2, 3500k 7, 3500 D E Data: 2016-2018 (5.4 fb™)
E 3000 E 3000 — Signal ]

E -+ — Combinatorial . .
? 2500: : ? 2500 ....... Partial Reco. . . calorimeter deposit
- E . - -+ - Peaking Partial Reco. ] 0 4
% 20005 1 % 2000 - B> 3 ] /" B* momentum
S 1500F . S 1500 1 " Y trajectory
L) » ] o) ]
S 1000 F . <1000 . ] 4
8 T R TEy & W ] 8 -------- P 4 ] | / K+
500F 500 )N\ ; —
0™7500 5000 5500 6000 077500 5000 5500 6000 o
m(K*n’) [MeV/c2] m(K°) [MeV/c2] Primary vertex
Compared to B - K*7~: extra RESULT:
contribution from colour-suppressed
. PP ACP(B+ — K+7T0)
diagrams
M J = 0.025 £+ 0.015 £+ 0.006 4+ 0.003
easured:
+ +. 0y _ + +.0
Acp(BY = Kim) = A (BT = KO0 4 (B o KHa%) — Acp(B® — K+
— A — A
prod. det. =0.115+0.014

where Aprod and A 4e¢ are calculated from

World average difference in Ap is now at 8¢
BT — J/yK*
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https://doi.org/10.1103/PhysRevLett.126.091802

Search for CP violation in =, — pK~ K™ decays

: LHCb-PAPER-2020-017
CP symmetry breaking has not been https://arxiv.org/abs/2104.15074

Data: 2011-2016 (5 fb™!
observed in the baryon sector (A ) ata )

Large CPV is present in B — 3/ decays § 0} | w2000
= Total fit .
Dalitz analysis is used to identify = 1o e E
] _ _ Q 80 F Ffs1 na N _:
resonances in the pK~ K~ decay AR T & B =, = PR crossfecd
.g 60 RREHEL Part. rec. bkgd. —
products E Wb —— Comb.bkad.
CPV is consistent with zero 20f
O 0 Ss00 B0 6200 6400
Component AT (107%) § 180 LHCb || ——oDua 20152016
1 tal fit B
> (1385) —27 £ 34 (stat) £ 73 (syst) I L S . E
A(1405) —1+24 (stat) + 32 (syst) SHREC1 SR AN § 2, signal 3
A(1520) —5+ 9 (stat) & 8 (syst) g E" e T
A(1670) 3+ 14 (stat) =10 (syst) E b — — Comb. bked.
¥(1775) —47 426 (stat) + 14 (syst) a0f
¥ (1915) 11+ 26 (stat) +22 (syst) N

0 e P Aol A S 0. i
5600 5800 6000 6200 6400
m(pK K) [MeV]
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https://arxiv.org/abs/2104.15074

Mixing and CPYV in
charm at LHCDb

Time-dependent DV — h*h™
Searches with neutral light mesons

Measurement of mass mixing in neutral charm




Search for time-dependent CP violation in DY — K*K~ and

DY — gt

.« e . LHCb-PAPER-2020-045
_q@f http://arxiv.org/abs/2105.09889
Mixing is small: allows a AY; ~ —Af
=~ ; Data: 2015-2018 (6 fb™')
linear expansion in Acp  4..(1.4) ~

Cross- checks using
D’ - K xt

o

Corrections for = o] F Eha
S 8 1 2s5fF ;

momentum-dependent > DKk ; Do
. > - | 2r .
asymmetries from D¥ tag < ° b N e

. . . £ af —he : — Fit
Removing contaminations = | Biokgrownd | 11 ~ Bickground
from B decays § 2:_ it 1 ; ; _ 0-5;- E
0

RESULTS: 05005 2010 2015 2020 5008 2010 2015 2020

AY, (—0.34+1.3+£0.3) x 1074 m(D7ly) [MeVie?] m(D"7},,) [MeV/c?]
Forre = A . . S F 0 i ' ; ] o : .

AY, - =(-36+24+04)x 1074 T " LHCD ] sf D' LHCb ]

A ot 1 ot ]

AY = (-1.0£11£03)x107* £ 1 _
AYgig- =AY = (+33£27£02)x107* 3 b 3 b

8
. . . t/TDo t/TDo
Combined results with previous measurement
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http://arxiv.org/abs/2105.09889

Search for CP violation in DY, = h*z" and D, — h'*y decays
Q) Q)

: : : LHCb-PAPER-2021-036
Looking for cross-checks of isospin o ey ora/abe/2 10311058
sum rules 7%2011-2018 (9 b7 ")

7:2015-2018 (6 fb ')

In SM,ACP(D( — ntnY) is expected to
be 0 7Y and 7 reconstructed in e*e”y mode

RESULTS: (including yy with y — e*e™)

Simultaneous fitto h = rand h = K to

Acp(DT — mtn®) = (=1.3 £ 0.9+ 0.6)%, account for mislD

(-
Acp(DT = KT7n%) = (-3.2+4.7+2.1)%, g 22500
Acp(DT — ™) = (0.2 £ 0.8 £ 0.4)%, 225005 EZOOO_
Acp(DY 5 Ktn) = (=6 +10 +4 )%, %fzzz ?500;
Acp(DF = K+®) = (—0.8 £ 3.9+ 1.2)%, 2 oo 2
Acp(DF — ) = ( 0.8+ 0.7+ 0.5)%, S wwp e B Y
Acp(DF - K™) = ( 09+3.7+£1.1)%, e P ) MV e Mevie)

+ 0 S E T T e T A e b 1 Tso00f 3
A~n(DY = 77”) is consistent with 5o LHeh 1owe 3 20F Lic
CcpP E o 3 &2500
<3000 3 e ] SP0F
S M 22500 F D 4 <2000F
E ----Pure comb. J ~ F
: 2000 fg Part-reco. E_) 1500 F
. . S 1500 4 = £
All ACP consistent with 0 R \ 3 FSomg
< E ey E < o}
© s00E, ST 3 O s0of
T 00 2000 2100 S0 a0 6
m(m*n) [MeV/c?] m(e*ey) [MeV/c?]
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http://arxiv.org/abs/2103.11058

Measurement of CP asymmetry in DY — KgKg decays

LHCb-PAPER-2020-047
http://arxiv.org/abs/2105.01565
Data: 2015-2018 (6 fb™1)

T track

each Kg is reconstructed

upstream downstream

VELO frack ok irack from pion pairs: two long
pions (L) or two downstream

| LI
VELO (D) o L L I B T T T T
S oy B ey 2017-2018]
EIOOO — LL 4 for! —
o - -+ Data .
T1 T2 T3 7 800 — PV-compatible — Total —
. . . 8 [ medium-purity --- Background ]
KgKg decay channel is sensitive to different 3 “F E
. - S 400 |— -
amplitudes than A~ modes Sk :
200 b g FF -
Independent data categories: g , , ]

depending on track types for the Kg

depending on whether D* is from PV or not ;:1:2 DD I—>K(§K2I 2017-2018]
Simultaneous fit to m(D*) — m(D") and each 2 wp DD t JrJr Jﬁ?
m(K) L A -- b
RESULT: 5 et f LHCy 3

Acp(KgKg) = (—3.1+ 1.2+ 0.4 £0.2)% I wp P +Dae .
Updated result for full Run 2 22 740 ~~Background

T BT S ST
148 150

152

154

Am [MeV/c?]

—
Ny =
S
—I
-
0D
—I
Ny
L

M R
146

I - L
148 150 152

154

Compatib|e with no CP at 2.4¢0 Am [MeV/c?]
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http://arxiv.org/abs/2105.01565

Observation of the mass difference between neutral charm-

meson eigenstates

Measuring mixing parameters
(my1 — ma)c? -1y

v r Y= o1

30.6 million D° — K ntn™ decays

Analysis performed in Dalitz bins of similar
strong phase, and in bins of decay time

Simultaneous fit of 4 independent samples
2 Kg types (long or downstream)

2 types of 7w vertex requirement

RESULTS;

Top = (3.97 +0.46 + 0. 2? x 1073

yer = (450 £ 1.20 = 0.85) HIp I TINARY

(
(
Az = (—0.27£0.18 £0.01) x 1073
Ay = (0.20 4+ 0.36 £ 0.13) x 10~?

x is not consistent with 0 at high significance!

m2 [GeV¥ ¢4

LHCb-PAPER-2021-009
coming soon
Data: 2016-2018 (5.4 fb!)
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Absolute bin index b



Summary and prospects

Lots of exciting results in the past 6 months
Newest results today (< 2 months old):

Most precise measurement to date of Am,
Search for CPVin &) — pK K™

First measurement of CPV phase in BS — Jlyg
Most precise ACP(DO — KgKg) to date

Improved precision in AY in DY — hth~
Mass difference observed in neutral D system

LHC is currently working on an upgrade, more data at
increased luminosity coming in the next few years

Updates to these results with increased precision are possible!
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