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Outline

* Recent LHCD results (since HFCPV-2018):.

For a complete paper list on charm, see LHCb link
- Search for CPV in D+ - K¢K+, D+ — K 1T+, and

D+ - (I)T[+[PRL 122 (2019) 191803]

- Ar IN D0—K+K- and Do—7t+7t- 1LHcb-conr-2019-001)

- Oscillation of charm mesons in Do — K TTTT jpr 122 2019)
231802]
i First
— AACP IN Do K-K+ and Do—7-7t+ (pre 122 (2019) 211803] observation

of charm

* Summary & outlook PV


http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_Charm.html

CP Violation in Charm

* Only way to probe CP violation In

uptype quark

» Complementary to K and B VidVei ¥ ViV + ViV, =0

us ocs

mesons with observed CPV ~A ~A ~A
- Difficult to calculate SM \2“:5“1(90)”0'2; -
predictions, but small (10-3 — 10-4)
CP asymmetry is expected - ——
hints of NP if higher values are Eﬁpected CPV very small in
charm
observed * Effectively 2-generation
* CPV In charm sector yet to be : ?,rydséee?eraﬂon and CPV

found (by 2018) enter through loops



Mixing and CPV in D° — D°

* Charm mixing: a well-established fact:

—Mass eigenstates are related to their flavor eigenstates via
ID, ,> = pIDo> + ¢gIDo>, with Igl2 + Ipl2 = 1

- Mixing parameters based on the mass and width differences:
x=(my-m)IT, y=T,-T)2C, withT' = [, +T'))/2

CPV allowed

y (%)

Current CPV allowed world
averages:

x=(0.39",1,)%
y=(0.651"6) %
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Mixing and CPV in D° — D°

* Charm mixing: a well-established fact:

—Mass eigenstates are related to their flavor eigenstates via
ID, ,> = pIDo> + ¢gIDo>, with Igl2 + Ipl2 = 1

- Mixing parameters based on the mass and width differences:
x=(my-m)IT, y=T,-T)2C, withT' = [, +T'))/2

* CP violation contributions:
—-In decays: amplit_lz,ldes for a process and its conjugate differ

Direct CP 1 U d.&b

4 ~lxA, = ab=~-——A -~y
violation — cp n"d
W 0
=7}

A;

- In mixing: rates of Do— Do and Do - Do differ

no W

. +2 e d,5,b T
Indirect CP . A _ -
violation 4 1+ A = ail =-—"ycos¢+xsing ¢ weak phase,
p 2 A_: CPV from mixing

—In interference between mixing and decay diagrams
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Tracking System

* LHCb acceptance: 2 < n < 5 (forward region)
» Large cc production cross-section
[JHEP 03 (2016) 159]

~ o(pp>cc)=(2369+3+152+118)ub@ 13 TeV
* More than 1 billion Do - K-mt+ collected by LHCb
between 2011 and 2018

* Run2: Turbo stream from online reconstruction

LHCb experiment
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LHCb data-taking

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV): 2.18 /b

g 9 Z 2017 (6.5+2.51 TeV): 1.71 /b + 0.10 /b

— — 2016 (6.5 TeV): 1.67 /i

- 8 = 2015 (6.5 TeV): 0.33 /b

S = * 2012 (4.0 TeV): 2.08 /fh

g 70 2011 (3.5 TeV): 1.11 /fb

I= — 2010 (3.5 TeV): 0.04 /fb
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* RunI: 1.0 fb* @ 7 TeV (2011) + 2.0 fbl @ 8 TeV (2012)
* Run II: 0.3 fb't (2015) + 1.7 fb-1 (2016) + 1.7 fo'! (2017)
+ 2.2 fb1 (2018) @ 13 TeV



D° production and flavor tagging
at LHCDb

/ Two mechanisms of D° production \

Independent data sample
K-
K-
- +
o U K
K* 0
*+
D IP~0 D
PV.\ s Bi.-" _______
g PV .-~ X




D° production and flavor tagging
at LHCDb

/ Experimentally we can tag D° flavour at \

production by means of the charge of the muon
and the soft pion P

Prompt: Large IP Semileptonic:
Tagged by n* Tagged by pr




[PRL 122 (2019) 191803]

Search for CPV In D " decays

 CPV can arise from interference between ¢ —ddu and ¢ — ssu
Acp(Df — K2nt) = A(D] — K2n") — A(DS — ¢n™)

_ Acp(DT — KIKY) = A(DY — KIK') — A(DT — Knt)
extract raw asymmetries . 0 4 . N
N(D:'.';] —>f+)—N(D:.:_] - f7) - A(DS — KSK )+A(Ds — qbﬂ- )
N(Df, = [+ N = f7) Acp(DY — ¢n") = A(D" — ¢77) — A(DT — Kn™)

* Run2 3.8 fb1 (2015+2016+2017) prompt D * data:
Negligible K. CP effects

e Simultaneous fits to

A(D}, = f*) =

e e »
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KK mass required to
be within 10 MeV of
nominal ¢ mass 10


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191803

[PRL 122 (2019) 191803]

Search for CPV In D " decays

« CPV can arise from interference between ¢ - ddu and ¢ - ssu
Acp(Df — K2nt) = A(D] — K2n") — A(DS — ¢n™)

_ Acp(DT — KIKY) = A(DY — KIK') — A(DT — Knt)
extract raw asymmetries . 0 . N
N(D:'.tj —>f+)—N(D:.:_J - f7) - A(Ds — KSK )+ A(Ds — qbﬂ- )
N(D) = 1) + N, = f7) Acp(DY — ¢n") = A(D" — ¢77) — A(DT — Kn™)

* Results with Run2 3.8 fb-1 (2015+2016+2017) data:

e Simultaneous fits to

A} = 1) =

Acp(DF — Kint) = (1.34+£1.9£0.5) x 1073
Acp(Dt — K2K*+) = (—0.09 £ 0.65 £ 0.48) x 103
Acp(Dt — ¢7t) = (0.05 £ 0.42 £ 0.29) x 103

* Results with Runl & Run2 combined:

Acp(DF — Kiznt) = (1.6 1.7 £0.5) x 103
Acp(Dt — K2K*) = (—0.04 - 0.61 + 0.45) x 103
Acp(Dt — ¢pmt) = (0.03 £ 0.40 £ 0.29) x 103

Best A_, measurements on these channels!
11


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191803

Search for CPV: measuring A

Measure of indirect CPV in D° SCS decays to CP eigenstates:

r(D° — f)-T(D° - f)
(D" — f)+T(D° - f)

1
B2 ) e 1|
p q P q

[

Acp(t) =

T

)xsin(/)] x\,(‘i‘ — 1) — X
p

mAgiF[—AF( ) f=KK~. ntn

A.
with ¢ = arg( — if
IfA_#0 - indirect CPV Py
[LHCbh-CONF-2019-001] h+
At LHCb: measurement performed with Run 2 data (2fb) h-
D° flavor tagged from strong decay D™ — Dt *
>l
7~

)




[LHCb-CONF-2019-001]

Search for CPV: measuring A

x 10 x10°
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* At LHCb: measurement performed with Run 2 data (2fb) h-
- D° flavor tagged from strong decay D™ - D°mt_*

DO .~
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[LHCb-CONF-2019-001]

A_In D? - K*K-, TT*TT

* A- probes CPV in mixing and integference
Acr(f.1) = AL (F) ~[Ar]

- Alinear fit to Acp In bins of Do decay time - E

1
‘:r: *
PR ]

..... x'gm'df _ 22';19' LHCITb bl'e lli mi.n;u%-’
DOI_)K"'K'_

extracts A, as slope parameter

2 4 6 8
t'T e

* With Run2 2fb-t data we have g 05

Ar(D?® - KtK—) = (1.3+3.54+0.7) x 10—4 <
Ar(D® - wt7—) = (11.3+6.9 +0.8) x 10—4 &

» A- does not depend on D decay channel, the

two values can be combined

Ar(D® —+ hth—) = (3.4 +£3.14+0.6) x 10—*
(h=K,n)

* Combining with Runl results

E_ I x*/ndf = 18/19 LHCb preliminu];_s-' _E
3 + -} + + D'—>ntn E
3 ; 6 s

117 0

Ar(D® — hth—) = (0.9 £ 2.1 £ 0.7) x 10—
(h=K,m)

A_ Is consistent
with SM!
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[PRL 122 (2019) 231802

Osclillations of charm mesons In
DY - KSOT[T[

m; — my -1

r Y= or

+ |D12) = p|D°) £ q W) X
* X determines the oscillation rate
- x is very small for Do, but x and CPV can be
enhanced by NP
— CPV can occur in the mixing — oscillation
rates differ for Do and Do T
« LHCb Runl, tagged Do - K omtit decay NE, 2.5/ B
yields o
- Prompt: ~1.3M, Semileptonic: ~1M
» Do Kottt has rich resonance structures

* Model-independent approach (bin-flip ;

method) [PrD 99 (2019) 012007] 05k \ :-

- To avoid efficiency modeling 05 1 13 2m2 [é;‘vzm]

m?(K2r*) for D° — KXntnm™
m?(KnT) for D° — K)mtm™

N
g 8 3
Candidates per (4.5 MeV?*/c%)*

-
8

|
wn
=
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[PRL 122 (2019) 231802]

Model-independent Bin-flip method

« Use strong-phase info c,, s, from CLEO-c

3 3__I T I R TR R "l 8 ..i
T , . . |
g 25F =+ Bin Dalitz-plot into +b about
u B 6 B 2 — m 2wi
S o . m.? = m?with almost
- )
st -, £  constant 459 | o
; ‘ f E * D decay time into bins
'F i * Measure ratio of signal in -b
- - ] . ..
et | and +b in bin j
0.5 1 1.5 2 25 3
m2 [GeV?/c4]
pt _ b [1+ Zt7Re(z2p — AZ%)] + 3t7| zep = Az | + \/rot;Re [Xi (zcp + AZ))
Y 1+ Re(22, — AZ2)] + 13 t?| zep £ Az 2+ /TotiRe [Xi(zcp £ AZ)]
where zcp + Az = —(%)i(y + ix) and rp is ratio without mixing Xp = ¢ — isp

R* changes with time = Mixing
Rt # R~ = Indirect CPV

16



x (D° + DY) (D° — DY) [PRL 122 (2019) 231802]
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L . . . . | . | L, o2 ~0.04F | , , e , , 7 ,‘:-0-05
0 2 4 [ 20 () 2 4 "4 20 0 2 4 T 20 0 2 4 n 20
tT T
| 2 ”. j 2 *
pt _ b (14 st7Re(zZp — AZ%)| + 3t7| zep £ Az | + \/TotiRe [X§(zcp £+ AZ)]
bj — 142 2 2 159 2 , < )
(14 2t?Re(z2p — AZ?)| + n3t2| zcp = Az |2 + /TotjRe [X} (zcp + AZ))]
where zcp + Az = —(%)i(y + ix) and rp is ratio without mixing Xp = ¢ — isp

R* changes with time = Mixing
Rt # R~ = Indirect CPV

17



DY - KSOT[T[

 Results with runl data:

Vep = [0.74 + 0.36 (stat) + 0.11 (syst)]%

Ay = [—0.06 + 0.16 (stat) + 0.03 (syst)]%
xcp = [0.27 +0.16 (stat) + 0.04 (syst)]%

Ax =[—0.053 + 0.070 (stat) + 0.022 (syst)]|%

— Best precision on x from a single
experiment!

* Combination with current global
knowledge gives x > 0 at more
than 30

- First evidence that masses of Do
eigenstates differ

0.9

y [10°

0.8
0.7

0.4

[PRL 122 (2019) 231802]

Osclillations of charm mesons In

1

| Current world average

= + this measurement
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Current world average
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[PRL 122 (2019) 211803]

AA measurement

hy Prompt D°
e LHCb uses full Run2 5.9 fb-1 data L S

 Raw asymmetry for tagged Do
decays to a final state /' (K+K-, 1T+11-):

PV

S
1 MeV/c?

0

.
o
)
o

JRRCIEY ST RV N
)= NS T N D= £) 2 o
eA.,=Acpt+A,+A; ©
- A, Detection asymmetry from 11, (prompt) — 2200

- Ar: Production asymmetry of D* (prompt)

=

* With many systematics canceled at first order, it =

IS relatively easy to measure time-integrated S
difference in CP asymmetry 5 1000

<

E

S

A14CP = Amw(KK) B Araw(ﬂ’-ﬂ’-) — ACP (KK) - ACP(ﬂ’-ﬂ’-)

O - e i e 3 A AL 2
2005 2010 2015 2020
m(D°7*) [MeV/c?]



[PRL 122 (2019) 211803]

AA measurement

Semlleptonlc D°

he xlO
* LHCDb uses full Run2 5.9 fb data LL 6005

500
* Raw asymmetry for tagged Do P :
decays to a final state /' (K+K-, 10+11-):

. (f) V(DO—> f) (D0—> f)
LAraw \ . :\’ (DD_> f) + ;\' (DO_> f) k
'AraW:ACP+AD+AP
160F
140;
120E
1005

400F
300F

200}

Candidates / ( 1 Me

100F

- A, Detection asymmetry from p (semileptonic)
- Ar: Production asymmetry of B (semileptonic)

* With many systematics canceled at first order, it
IS relatively easy to measure time-integrated
difference in CP asymmetry

AA., =4, (KK)—A,, (7n) =Ap (KK) — App(7T7T)

Candidates / ( | MeV/c?)

1800 1850 1900

m(D") [MeV/c2]



[PRL 122 (2019) 211803]

Observation of charm CPV

 From full Run2 5.9 fb-1 data:
AAT,"™8 = (—-18.2+£3.240.9) x 107*,

AALS™E = (—9+8+5) x 10"

e Combination with Runl results:

AAcp = (—15.44+2.9) x 10~ *

— Observation of CP violation with 5.3 significance!
— Result is consistent with, although at upper end of SM expectations (10-3 — 10-4)

1964 2001 -
1956 Strange particles: Beauty particles: NZW WlndOW Opened TO

Parity violation __ CP violation in K CP violation in B®

¢ N.Yangana (G LW Cronn, @8 BaBar and Boll investigate matter-
C.S.Wu et al. V. L. Fitch et al. /i collaborations .
antimatter symmetry!

March
2019 p

1963 2019

Cabibbo Mixing Charm particles:
btk CP violation in D°

meson decays
LHCb collaboration

N. Cabibbo M. Kobayashi and i 23
T. Maskawa
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HFLAV updates

0.0100
HFLAV IS = o nocpv
Belle BaBar
U097 _A CDF KK+mr CDF
r LHCb SL KK+mm LHCb . .
0.0050 | o\ lts:  LHCh promptKK = HFLAV combination
LHCb prompt == ind __ .
0.0025 acp = (0.028 £ 0.026)%
S8 0.0000 A 0
S Aadi’ = (—0.164 +0.028)%
<1-0.0025
Consistency with NO CPV
—0.0050 hypothesis: 5x1078
00075 [ S 5 £ ¢
=18 g g dir — -+ dir ¢, —_ +
—0.0100 S~ 3 | AAcp = |[aGp(K~KT) — agp(n )]
= & ‘Contours contain 68%, 99.79
1 1 1 1 dlr
—0.010-0.008—0.006—0.004—0.002 0.000 0.002 0.004 0.006 A d-p
aind
CP

World average dominated by LHCb results

provided by the courtesy of M. Gersabeck

A (t} aind

T CFP
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AA_, history in LHCDb

n-tagged (6 fb)
p-tagged (6 fb™)
n-tagged (3 fb™)
pu-tagged (3 fb”)
p-tagged (1fb)

n-tagged (0.62 fb)

-1 =05 0 05 1
AAcp [%]

LHCb-PAPER-2019-006

LHCb-PAPER-2019-006

Phys. Rev. Lett. 116 (2016)

JHEP 07 041(2014)

Phys. Lett. B723 33 (2013)

Phys. Rev. Lett. 108 (2012)
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AA

9 fb'vs = 7,13 TeV pp
385.8 fb~1 Y (4S5)
9.7fb~1/s = 1.96 TeV pp

976 b b7 Y (4S5)

experimental status

AAcp [%]

LHCb [LHCb-PAPER-2019-006]

BaBar [Phys. Rev. Lett. 100, 061803(2008)]

CDF [Phys.Rev.Lett. 109 111801 (2012)]

Belle Preliminary [arXiv:1212.1975]
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[LHCb-PUB-2018-009]

Prospects of LHCDb

* Major upgrade phases

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 ..
i [ o s G
HL-LHC s D0 ERR s DEWEN
%: Upgrade la : Upgrade Ib D [ Upgrade Il =
=
0 [ | ' | ' | ' ' | ]
- -— \:l or verage
Upgrade (2020-2023) iz et !
will provide 3x larger dataset 017
— Upgrade (2025-) will be for o
—0.1
HL-LHC to collect > 300/fb -,
—0.21 PP
(30x of current level) 085 09 09 1 105 11

- Ambitious but extremely rewarding



[LHCb-PUB-2018-009]

Prospects of LHCDb

Observable Current LHCb LHCDb 2025 Belle II Upgrade II

Charm

AAcp(KK — 7o) 8.5 x 107 610 1.7 x 10~* 5.4 x 1074 3.0 x 107°
Ar (= zsin ¢) 2.8 x 1074 [240 43 x107° 3.5x 1074 1.0 x 107°
xsin ¢ from DO — K+r~ 13 x 1074 [228] 323 10-¢ 4.6 x 1074 8.0 x 107°
xsin ¢ from multibody decays ~ (K3m)40x107° (K07n7m) 1.2x107* (K37) 8.0 x 107°




Summary

* LHCb is in fact a charm factory and has the world’s
argest sample of charm decays

* High statistics and superb detector performance allow for
nigh precision measurements on charm CP

* Still more charm results in the pipeline with full Run1+2
data, stay tuned!

* Longer term: LHCD’s first upgrade has already begun

- Will allow for measurements with 10x larger samples within a
few years

* Synergy with BESIII important for CPV searches in the
charm sector

27






Phys. Rev. Lett. 122, 211803

(x10—4)
Source m-tagged p-tagged
Fit model 0.6 2
Mistag - 4
Weighting 0.2 1
Secondary decays 0.3 -
Peaking background 0.5 =
B fractions — 1
B reco. efficiency = 2
Total 0.9 5

» Dominant systematic uncertainty:
» Prompt:

» fit model: evaluated by pseudo-experiments
» peaking (m(D°%7)) background (D° — K= 779 D% — = ¢tu,):
evaluated via measuring yields and background asymmetries in

m(D?) distributions
» Semileptonic:

» Mistag evaluated from B — D(K 7" )uX sample

e
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