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Discovery of charm quark
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Before discovery: theory prediction

Known particles @ 1974

* Thefirst speculations about ”charm”
J.D. Bjorken and S.L. Glashow, Phys. Lett. 11 (1964 ) 255

* Massivelepton-pair production in h-h collisions S. D. Drell
and T-M Yan, Phys. Rev. Lett. 25 (1970) 316

* Weak interactions with Lepton-Hadron symmetry
S.L. Glashow, J. lliopoulos and L. Maiani, Phys. Rev. D
(1970) 1285 (GIM model)

In April 1974 S.L. Glashow said:

”There are just three possibilities:

1 Charm is not found and | eat my hat

2 Charm s found by hadron spectroscopy, and we celebrate
3 Charm is found by outlanders, and you eat your hats.”

(International Conference on Experimental Meson Spectroscopy, 2-27 April 1974 Boston)
source: Fermilab-Conf97/432-E (storyby John Yon for the E288 collaboration)
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Dimuon measurements at AGS/BNL

Fixed target experiment (no B field!): on/M~25% at 3 GeV/lc?2
(J.H. Christenson et al._Phys. Rev. D8 (1973) 2016) f
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The R ratio

The R ratio (July 1974)
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measure the R ratio at SPEAR/SLAC
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”November Revolution” - J/\ discovery

J.J. Auber et al. PRL 33 (1974) 1404

J.J. Augustin et al. PRL 33 (1974) 1406
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Nobel prize

e Burton Richter and Samuel Ting were awarded
the nobel prize of 1976

Burton Richter Samuel Chao Chung Ting
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Discovery of charmed neutral mesons at SPEAR/SLAC

G. Goldhaber et al., Phys. Rev

ete 2> DOBO + X
at Ecm.=3.9, 4.6 GeV
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m(D°) =1865+15 MeV/c>

PDG
D" MASS

WEIGHTED COMBINATIONS/20 Me/c2

1864.84 + 0.05 MeV
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ee—= DD X

G. J. Feldman etal,, Phys. Rev.Lett. 37(1977)
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Experimental research with charm
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Definitions

Charmonium
Particle with c-cbar quarks
[ Charmonium Mesons ] _
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Charmonium is a powerful tool for the understanding of the strong interaction.
Open charm
Charmed hadrons

Charmed hardons decays are a powerful tool for the understanding of the week
interaction
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Definitions

Exotic hadraons

Exotic hadrons do not have a structure of the g-qgbar pairs or
three—quark combinations

They are tetraquarks, bound states of four quarks, or pentaquarks,
i.e. five quarks bound together

Their properties are under study
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Definitions

Exotic hadraons

Exotic hadrons do not have a structure of the g-qgbar pairs or
three—quark combinations

They are tetraquarks, bound states of four quarks, or pentaquarks,
i.e. five quarks bound together

Their properties are under study

P.(4450)+ and P(4380)+

Events/(15 MeV)
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Definitions

Charmonium spectroscopy Open charm spectroscopy
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What charm physics ?

e Charmonium, exotics and open charm
production

e Charmonium and Exotics spettroscopy

o CP violation and mixing with charm mesons
decays

e Pure leptonic, semi-leptomic and rare charm
decays

e Today we will concentrate on CP violation and
mixing with charm mesons decays @ LHCb
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Main results from
LHCb @ LHC (pp collider) BESIII(@ BEPCII e*e collider

Results also from
ATLAS CMS ALICE BaBar Belle CDF

Future

LHCb-upgrade @ LHC(pp collider)

BESIII upgrade @ BEPClI(e*e collider)
PANDA @ FAIR (anti-proton fixed target)
Belle-Il @ KEK (e*e collider)
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The indirect search of New Physics

Observed deviations from values expected
according to the Standard Model will indirectly
hint to the existence of New Physics

Why?



Standard Model
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Beyond Standard Model

|
A
A
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Standard Model
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Beyond Standard Model

-l
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If this the nature...
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SM predicts this
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CMS and LHCb (LHC run |)

(101}_‘34;1 7

d(2

..and you measure a value significantly different
from SM (which is not the case so far)
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You win the Nobel prize...
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Direct search of new particle

e Main ingredient: ENERGY in C.M.
e Now at LHC 13 TeV
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Indirect search for New Physics

e Main ingredient: Statistics

1074
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LHCD is the right place to search for NP

e LHC experiments aim to discover New Physics beyond the
Standard Model

e Direct searches of new particles produced at the LHC
energy are performed by general purpose detectors:
Atlas and CMS

’I LHCb is designed for indirect searches {

e Look for discrepancies in the Standard Model predictions due
to the presence of new heavy particles in loop diagrams

e Perform precision measurements of CP violation and rare
decays of heavy hadrons

e Beauty and Charm decays are an ideal place to search for such
effects

. N
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Charm and New Physics

e [nindirect searches for new physics, charm furnish a unique
probe of flavour physics in the up-quark sector

e complementary to strange and bottom physics

e Indirect searches for NP with charm gives complementary
constraints to direct searches at the Energy Frontier

e Precision measurements in charm are necessary as inputs for B
physics (B = DK, B = Dmt ) and the measurement of the CKM
angley

e Many "null-tests" available, one of them is the search for CP
violation, which is expected to be small in SM (but not zero)

e ...but SM predictions are difficult to be calculated
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The LHCb Detector

Sm — Maone SPD/PS AL
= T3 RICH2 AL
M1
Vertex
Locator |
—5m /
I R I B N A I Y I A (N A N NN SR R >
Sm 10m 15m 20m z
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Detector Geometry

e Complementary to ATLAS & CMS
e Much less expensive

C —
e

MS




LHCb detector
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Charm and D° production at LHC

4 LHCb is designed for beauty physics, but it offers a great )
opportunity to perform charm physics as well

(1419 +134)ub @ 7TeV Nucl.Phys.B871(2013)1
(2940 & 240)ub @ 13TeV  JHEP03(2016)159

\ About 20 times more bb pr< 8 GeV/c, 2.0<y< 4.5 )

o(pp — cc) =

e Two mechanisms of D° production )

K* u K+
Independent samples
semi-leptonic

PV

large IP
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Charm and D° production at LHC

4 LHCb is designed for beauty physics, but it offers a great )
opportunity to perform charm physics as well

(1419 +134)ub @ 7TeV Nucl.Phys.B871(2013)1
(2940 & 240)ub @ 13TeV  JHEP03(2016)159

\ About 20 times more bb pr< 8 GeV/c, 2.0<y< 4.5 )

o(pp — cc) =

/ Experimentally we can tag D° flavour at production by \
means of the charge of
Independent samples

-

K+

semi-leptonic

PV

large IP
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Charm and D° production at LHC
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The D° and D° mesons are produced as flavor eigenstate
They propagate and decay according to

3 (o) = (-37) (00

\. Yy,
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The D° and D° mesons are produced as flavor eigenstate
They propagate and decay according to

(50)- (20 (20)
/'Mixing occurs because D°and D° \

are linear combinations of mass
eigenstate

|D1) = p|D°) + ¢|D°

Dy) = p|DO% — q|D°
KIz) pl)ql))

J
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The D° and D° mesons are produced as flavor eigenstate
They propagate and decay according to

3 (o) = (-37) (00

\. y
ﬁ/\ixing occurs because D°and D°  ( The mass eigenstate develop in time )
are linear combinations of mass as follow
eigenszate _ |D1,2(t)) = e1,2(t)|D1,2(0))
20 280 | | iz (- 1)
N O\ Y
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D° Mixing

-

The D° and D° mesons are produced as flavor eigenstate
They propagate and decay according to

3 (o) = (-37) (00

\. y
ﬁ/\ixing occurs because D°and D°  ( The mass eigenstate develop in time )
are linear combinations of mass as follow
eigenszate _ |D1,2(t)) = e1,2(t)|D1,2(0))
20 280 | | iz (- 1)
\_ Y

Two parameters characterize
the D°and D° mixing
AM

xET,AMEMl—MQ
AT
= — =1 -T
N
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D° Mixing

(The D° and D° mesons are produced as flavor eigenstate
They propagate and decay according to

G-t

ﬁ/\ixing occurs because D°and D°  ( The mass eigenstate develop in time )
¢

are linear combinations of mass as follow
61,2(t) = exp [—’i (Ml,g — 2F1,2) t]

eigenstate | D1,2(t)) = e1,2(¢)| D1,2(0))
[D1) = p|D°) + ¢q|D°
[D2) = p|D°) —q|D°)
Two parameters characterize 4 If both x and y are different from )

the D° and D° mixing zero, mixizng occurs

z=2M Ar=m -, (D°|DO(8))? =1

e Tt [cosh(yI't) — cos(zT't)]

N~ N
QT T

AT — 2
\ Y=op Al'=T;1 —T> y (D°|D°(t))|? = e 1"t [cosh(yI't) — cos(zI't)]




D° Mixing

(The D° and D° mesons are produced as flavor eigenstate
They propagate and decay according to

o ()~ (127) (i)

\_

The mass eigenstate develop in time

Two parameters characterizes ' If both x andy are different from \

the D° and D° mixing zero, mixizng occurs
= 1
o= Av=a-m, (DYDY @) = 5|2| e cosh(urt) — cos(aT)
AT _ 01Roy 2 _ Lle[* re _
\_ Y= or AT =T —TI'y y (D°|D"(t))|* = 2[4l € [cosh(yT't) — cos(zT't)]
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CP Violation in Charm

3 modes of observing CP violation
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CP Violation in Charm

3 modes of observing CP violation

4 )
in decay: amplitudes for a process and its conjugate differ

ib{f‘z#rﬁ—.(ﬂz direct CPV

\. J
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CP Violation in Charm

3 modes of observing CP violation

4 )
in decay: amplitudes for a process and its conjugate differ

L W—Kﬂ%ﬂﬁ-‘(?lz direct CPV

J

4 in mixing: rates of D°> D° and D°—>D° differ )
in interference between mixing and decay diagrams

JDOWO'.B'O*Kf ‘2#'-‘- YBO“”'DO'.QH 2 indirect CPV)
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CP Violation in Charm

3 modes of observing CP violation

4 )
in decay: amplitudes for a process and its conjugate differ

\ i'D-.(ﬂz;‘.:."B_.(ﬁz directCPV)

in interference between mixing and decay diagrams

JDOW".B‘O'Kf l2#:_ iﬁow', Do_k{:! 2 indirect CPV)
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Neutral meson oscillation
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K-system
D-system
B-system
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0.26 x 1077 s !
0.41 x 10712 g
1.53 x 10712 g
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T=1/T Am T Yy
K-system | 0.26x10°s'| 5.29ns™' | 0477 |-1
D-system | 0.41 x 1072 s | 0.0024 ps~* | 0.0097 | 0.0078
B-system | 1.53 x107'?2s | 0.507 ps~! | 0.78 | 0.0015 2
Bg-system | 1.47 x 10712 s 17.77ps™' | 26.1 | 0.06 2
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Compare the mesons:

ability -2

=
L L

Prob

=
S
LN L

<t> AM x=AM/I" | y=Ar/2I
2.6 108 s 5.29 nst | AM/Is=0.49 ~1
0.41102s | 0.001 fs1 10-2 10-2
1.53102s | 0.507 ps! 0.78 ~0
1.47 1012 s 17.8 ps! 12.1 ~0.05

x=AM/T": avg nr of
oscillations before decay
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B° mixing: 1987 Argus

e BO oscillations:

Phys.Lett.B192:245,1987

. . DESY §7-029
e First evidence of heavy | w1
top OBSERVATION OF B'.B’ MIXING
The ARGUS Collaboration
® M to p > 5 O G ev In summary, the combined evidence of the investigation of B® meson pairs, lepton pairs

and B meson-lepton events on the Y(45) leads to the conclusion that BB’ mixing has

been observed and is substantial,

Parameters Comments

NB: loops can reveal heavy 5 0.00 0%CT This expeciment

. This experiment
| x> 0.44
(HEW) pa rtl Cles ¢ Bifp ~ f, < 160 MeV B meson (= pion} decay constant
mp < 5GeV/c! b-quark mass
n < 14-1071% ; B meson lifetime
[Vigl < 0.018 Kobayashi-Maskawa matrix element
700D ~ U QCD correction factor [17]
m, > 50GeV/c? t quark mass
V
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B° mixing: 1987 Argus

22
-2 e z =0.73+0.28

r =

AM _Bffam?mb Th

—_— = 32
A S

T = | Via |? noco

The observed value of r provides a strong constraint on parameters of the standard model.
It can still be accommodated by the standard model within the present knowledge of its

parameters provided the top quark is existing and heavy ( m¢ > 50GeV/c? ).
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Potential of indirect research

DORIS 11 (1982 — 1993 )
e* e collider with a center
of mass energy of 11.2 GeV

-2
10 E

3
10 E

s
10 E

circumference 300 m [y §
2 interaction zones A i 0

The ARGUS experiment establish m> 50 GeV/c?

Today: m¢ = 173 + 0.51 + 0.71 GeV/c?
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Indirect CP violation in D° =2 KK* and D°=2>mxt*

decays

D@ D0k |22 | D-8- DK |2
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How A-is measured

@e time-dependent CP asymmetry for D° decay decaying into a fi@
state CP eingenstate (i.e. KKK* or wmt* ) is defined as

[(D° — f;t) —T(D° — f;t) : t
A ) = ] ud ) ~ dir -
A . fDO - fﬁo ~
where Ar=z=——="['|s the effective D° lifetime.
FDO + PDO

Ar can be approximated in terms of D° mixing parameter x, y, ¢,

1
() I (A R
2 [\|p q p q




How A is measured

4 What we measure is I
N(B— D" X)~N(B— D u'X)
N(B— D" X)+N(B— D u'X)

Araw (f’[ti % ]) —

Then we fit the time evolution of the asymmetries to extract A
5
CP
Agaw (f) = Ay~ Ap - in 50 bins of D° decay time.

The A, is affected by muon detection asymmetry and D°
production asymmetry, which introduces a bias on A.p9" but not on

_ o Yy
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Yields with L = 3fb™* (RUN-1)

[ 0O ~ ?10'3 ' | ' ' | 3
e |atest LHCb measurement using D T 0ok LiC D]
from semi-leptonic B decays 2 S00E N\ (Do) I
;;4005‘ 11.31 x 10° /Comb. bkg.
e Full Run-1dataset, L=3 fb™" Z300F 1191 X
S 200F ;
e D°-> Kmt* used as control channel Eioof :
S p—— f :
T o et ! g ey ks
5E L L 3
[arXiv:1501.06777, JHEP 04 (2015) 043] 1850 M(K—m)l%(\)aoe\//cz]
NA160?<10'3 | ' — SR (N .
L160E 1 ey ~ Data % FLHCb | Dz
> 140 F : > 50k ata
% 150 N(D%)= F :IT)OOtaII?_tF E igi N(D°)= ) —Total f
—~ 100E 6 [ 3 - 2 6t/ 3\ —D'-rnmt
21008 2.34 x 10 o m Comb. bkg. 4 of 0.79 x 10 ) 5 Comb. bke.
g O F ; S TF {3\ | Kmbkg.
g OOF & 20f PR e
= 40:— 4 S x B 5
S 20k 2 10k
5 — T S R et
E Ogﬁﬂ'rrr'rjﬁ*'n‘rriﬁf'r-‘—'ﬁ'rr'r*‘l‘l'l'fq""l! E Og-.-ﬁ_l.l-ij-._n_,hr-_-jl_—_-._m-r.l,-.l.l.hrﬁlﬁ-.é
5 L ' = <El | |
1850 1900 1800 1850 1900
M(K K7) [MeV/c?] M@ ) [MeV/c?]
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Results

[arXiv:1501.06777, JHEP 04 (2015) 043]

g -+—I')t—: S T T T T T T ENVE
BI_QL —Li?l:ar fit 3 E 15 - LI(;ICb igfg:ar fit
) i+ lo band_g i% 10 — D" —n w* i+ lo band_;
I
0 e 0 3 !% { H mﬂﬂl‘mll %l _
s . SE m ;
. ST 1 } 5 p————————f———— I
z OE-rp-k.-Jl—er-.——— E E of b e 3
0 1000 2000 3000 4000 5000 01000 2000 3000 4000 3000
k t [fs] t [fs] )
= . . . . )
Fits to the time evolution of the asymmetries give Statistically dominated
Ar(K~K™') = (—0.134 £ 0.077 100a9% uncertainty
— Y +0.025 Largest systematic
. Ap(r™m™) = (—0.092 £ 0.145 Z533) % ) | contribution coming from
the mistag asymmetr
CIn agreement with previous LHCb measurements using1 & asy Y

prompt D°(1fb™)
Ar (KK)=(-0.035+0.062+0.012)%

PRL 112 (2014) 041801
A (77) = (0033£0.106£0014)%  © (2014) 041801]
__ Ar(wm)=(0033£0.006x0014)% T T
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Araverage

[arXiv:1501.06777, JHEP 04 (2015) 043]

Assuming indirect CP violation to
be independent from the D°final
state, the overall LHCb average,

including pion-tagged
measurement is

Ar = (—0.056 £ 0.044)%

. J

Belle 2012

BaBar 2012

LHCb 2013 KK

LHCDb 2013 nte

LHCDb 2015 KK+nn

World average

CHARM 2015

H

02 01 -0 01 02 03
A (%)

-0.030 = 0.200 + 0.080 %

0.088 + 0.255 + 0.058 %

-0.035 = 0.062 + 0.012 %

0.033 + 0.106 = 0.014 %

-0.120 = 0.120 %

-0.125 £ 0.073 %

-0.059 = 0.040 %

Update of the most precise measurement (pion-tagged) with 3/fb (Run-1) is ongoing
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D° mixing with D°=>K*x~ decay

wt 70
c —>—\/\\N\N\f—>—1u el
N
c——7r" "\ [ N———u
d,s,b Y A d,s,b L) L)
u——__/ L Sf—e—
N - _ 7
y —<—"\NNNN—<—¢ —~
W~ 7!

“Short distance” ) ,
‘Long distance”

Short distance contribution is

CKM + GIM suppressed. NP
might manifest in the loop Long distance contribution is dominant

but hard to predict

CKM suppression: b quark
GIM suppression: d,s quark
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How the D° oscillation is observed

( )
e The D° flavorat the production is tagged by D** = DO+,

e Measure the time dependent ratio of Wrong-Sign D**>[K*r~] 7t*, and Right-
Sign (RS) D™ > [K-mt*] m*,
R(t) L N(DO—>K+7I'_ )

— N(D'SK-—=1)
\ y

(For WS two processes interfere: For RS only one process dominates: \
« Mixing then Cabibbo-Favoured decay « Cabibbo-Favoured decay
* Doubly-Cabibbo-Suppressed decay

negligible

r-="=-=-=-"="="="="="="========= - — - — - ——— - — -
! , WS! l RS
R T B
[ 8 ! : """"""""""""""""""""""""""" :
| m,xm\ 4(1) : | mlxmg\. /CS (A2) !

: |
| 1 |
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D°WS/RS as function time

(Considering negligible CP violation and in the limit of x,y<<1, to )
second orderin t/t, the time-dependence of the phase-space
integrated decay rate ratio R(t) is approximated by:

t 12 12 t 2
R(t) ~ Rp + RDy’;+x Zy (—)

T

. /

(1: is the average Dolifetime O is the strong-phase difference )
Rp is the ratio of suppressed- between the suppressed and favored
to- favored decay rates amplitudes

' = zcosd+ysind | o |
oAD" = KFr7)/A(D’ - K*r7) = —V/Rpe™®
Yy = ycosd—zxsind

.
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DO signal yields

NUNSHIREEY Gl [arXiv:1602.07224, submitted to PR

~N

8X1I06 I |
o LI LA 3 3
< LHCb  * Daa : @6()?1'0 N E
2 7F () — Fit E 2 "t LHCb * Data :
> 6 B Background % sob (B — Fit 3
— ] > F B Background
S 5 e — ank
= ; s Y
w 4 E i C
& ] o 30F
s 3 g L ¢
=) ] o] C
B 9 E 2 20¢
: ' =
o ; S 10
005 2002055 2 02005 200 2015 2.0
M (DOTC:) [GeV/c?] M(Don;’) [GeV/c2]
7 "
To study the time dependence, the WS/RS ratiois calculated in
13 bins of D° decay time
\ y
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Result on search for CP violation in mixing

Allowing for CP violation, the WS rates
R.(t) and R-(t) of initially produced D°
and D°® mesons are functions of
independent sets of mixing parameters

(R:lt), lej:, ylzt)

R*[107]
()]
1 \_H LI 1
-
aw
! = ]
(ox
|

R [107]

R
=

»

N

% -

L /-
0 2 4 6 20
t/t
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Result on search for CP violation in mixing

10 I L) L) L) ' L) L] L) L) I L) L) L) L) l Al L) L) L) ' L) L) 1 1 1 1 ' 1 1 1 1 I 1 T 1 1 I 1 1 1 1 l 1 1 1 L) I Al l L) L) L) T I L) L) T T I L] T T L) l L] T

[ LHCb (a) CPVallowed 1 (b) No direct CPV 1 (c) No CPV
8 B 1 1 .‘.: ..... |
[ : [ €<l :
s °f T T ]
o 4k 1 1 ';.,; . i
[ I [ 99.7% CL :
o =D 68.3% CL 1 --D"68.3% CL I --955%CL e
[ —D"68.3% CL ] —DY68.3% CL [ —68.3%CL o]
0 [ PR SR N TR W WY W (Y TN TN AT WA NN YN U RN NN NN 1 PRRT TR T N T T T N N T A N A TN NN AN O T PR RRT TR T TR WY W (N T AT WY U NN WA N NN RN MR j

-0.1 0 0.1 0.2 -0.1 0 0.1 0.2 -0.1 0 0.1 0.2

2 -
x'2 1107
Parameter Value

Direct and indirect CP violation
RE [1073]  3.54540.082 +0.048
I+ -3 - -
N {}8_5} Yo en il 0.75 < |g/p| < 1.24 at the 68.3% confidence level
Ry [1073] 3.59140.081+0.048
v~ [1073] 45+ 1.2 £0.7
2?7 [107°] 6.0+ 58 +£3.6
x?/ndf 85.9/98
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Current experimental status on D° mixing
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Search for direct CP violation with D°=2> K K*

and D°2>nartt

D £|2= | D0 £|2
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Time-integrated CP asymmetry

(" CP asymmetry is defined as )
I’ — f)-T(D’
Acp(f) = ( » =al (—o >/) with f=K'K* and f=rtmt*
I'(D" >f)+I(D —>f)
The flavour of the initial state (D° or D°) is tagged by the
charge of the slow pion from, D**-> Dont* ,
\

(The raw asymmetry for tagged D° decays to a final state fis
given by
N(D™* > D’z )= N(D" = D°r")
A (f)=

- N(D* S DzH+N(D™ = D'x)

where N refers to the number of reconstructed events of decay
after background subtraction
. ® y
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Production and detection asymmetries

(What we measure is the physical asymmetry plus asymmetries due )
both to production and detector effects

Avaw () =[Acp () + ADK) +|Ap(rH) +[Ap(D*)

Any charge-dependent " ,
| CP asymmetry | asymmetry in slow pion D*asp;?::;i:lon
reconstruction y Y
. _/
(e No detection asymmetry for D° decays to KK*or sttt A
e ... if we take the raw asymmetry difference
Ay = A, (KK) = A, (x7) = Acp (KK) = Ac, ()|

e the D™ production and the slow pion detection asymmetries will
\ cancel )
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() complication in the analysis
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D™*/D* reconstruction efficiency

LHCb simplified bending plane view
Only tracking systems shown
Arbitrary scale used

L @ Bfield @

K*[m*

N [
slow T ~

tracks useful for the analysis must
cross all the tracking station
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D™*/D* reconstruction efficiency

LHCb simplified bending plane view
Only tracking systems shown
Arbitrary scale used

L @ Bfield @

K*[m*

N [
slow T ~

D*T>D%* not reconstructed
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D™*/D* reconstruction efficiency

LHCb simplified bending plane view
Only tracking systems shown
Arbitrary scale used

K[m
_____________ L K+/J'|:+
slow T
5 Same behaviour

observed also for
tracks which cross
the beam-pipe, ( i.e.

D*T>D%* not reconstructed
D*">D%" reconstructed
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Fiducial cuts

e There areregions of phase space where only D™ or only D*-
is kinematically possible.

e this causes large value of AR up to 100% in the edges regions
where only D™ or D™ is reconstructed

e This asymmetryis independent of the D° decay modes but
it breaks the assumption that the raw asymmetries are
small

e and it carries arisk of second-order systematic effects if the

ratio of efficiencies of D°=2> K'K* and D°=2>mtmt* varies in the
affected region.
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Fiducial cuts

e The edgeregions are therefore excluded with cuts in the slow
pion(P,,P) plane.

Raw asymmetry of D'"*2D?(KK)mtand cc
in the (P,,P) plane of slow pion

D*+/D* B field

B field

P, (7, o 1 down
L r 4500— 1
) > r 0.8 > C
1000 - ' % - ‘ 0.8
o C - . 0.6 éoo; .'_-"" :.:_— Iy 0.6
e [ -y - = T
2 ool e et 0.4 s L g T 0.4
Ss0- T S SR
@ E .. - @ - o e R 0.2
o -t 0 o st T o
- S S 0.2 - el
500 =T ' -500— e
TN s r . -l X
- : e s Mo
-1000:_ -0.6 -1000— -
C -0.8 C -0.¢
C | 4500 YA L Y L L L L
-1500 () Go 4000 6000 8000 10000 12000 14000
) 12000 72000

I IS H TR I SR UR BRI B, - B
0 2000 4000 6000 8000 10000 12000 00 1
P (m,)

P (m,)

Accepted region

reject 25% of events
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Fiducial cuts

e The edgeregions are therefore excluded with cuts in the slow

pion(P,,P) plane.

1500— [\ *
Raw asymmetry of T D'VD
D**2>DO(KK)nm* + cc in the -
(P.,P) plane of slow pion

|Py/Pz| (slow m)<K0.2 500
beam pipe region

B field up,

':" - .t 0.6

e ."..'\. &

ﬁiﬁ%ﬁ*“ >

-1000

IlIl|IIII|IIII|IIII|III||I

Lo |
-15000

P, ()
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Soft pions go
directly into the
beam pipe
(low P, and P,)
These events are
lost No charge
dependents



Fiducial cuts

e The edgeregions are therefore excluded with cuts in the slow
pion(P,,P) plane.

Further 5% events rejected

1500— [\ ¥ *_ .

Raw asymmetry of ;},m;_D *[D B _fleld up |
D"*2>DO(KK)m* + cc in the = iigggiij;iggg;;: o
(P.,P) plane of slow pion 3 //""::;i?yﬁﬁ" 02

|P,/P, | (slow m)<0.2 = o
beam pipe region NN
. 0 2000 4000 6000 8000 1000; P J-E
P, (m,) B field up ()

Soft pions swept
through the beam
pipe where there
is no tracking
station These
events are lost
Charged dependent
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D*+

Soft pions go
directly into the
beam pipe
(low P, and Py)
These events are
lost No charge
dependents
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Fiducial cuts

e The edgeregions are therefore excluded with cuts in the slow

piOﬂ(Px,P) plane. Further 5% events rejected
1500— [\ * *_ .
Raw asymmetry of 1} ;D'VD B field up,
oooE T A 0.6
D**>DO(KK)mx* + cc in the = fzi;;ﬂ@___;%y
(P.,P) plane of slow pion oé F R i o2
é \I B -0.2
|P,/P,| (slow m)<0.2 s 3 o
beam pipe region : o9
150055~ —od 5o boas gt
B field down P ()

P ()
Soft pions swept

through the beam
pipe where there
is no tracking |
station These
events are lost o

D™+ Soft pions go
directly into the
beam pipe
(low P, and P,)
These events are
lost No charge

dependents
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Signal yields
[arXiv:1602.03160,PRL116 (2016)191601]
RUN-1: L=3/fb

~ x10° R | SRR

b OOF | N oo T T T Ty T T T T TS

> soof P {SNS'SE = " LHCD A R

E s00}- 6_ = 150 .

ol 77x108] = .

S 3001 = S ol 2.5 x 10° 1

¢ events Z 100 .

% 200} - E events

3 100} E § 0F

g ok SIS, — = - ERN: /. \

5 10 = : Lo — :

~ om (MeV/C2) © > 6m (l\/igV/Cz)

N m = m(t b ) — m{*h) — m(x) Y,

N

Signal yields and A,.,(KK) and A, (77) are obtained from minimum 2 fits
to the binned &dm distributions of the D°2 KK* and D°-> 1ttt samples

N
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[arXiv:1602.03160,PRL116 (2016)191601]

C AAgp = (—0.10 & 0.08 (stat) = 0.03 (syst)) % A

This is the most precise measurement of a time-integrated CP asymmetry in
the charm sector from a single experiment.

In agreement with the LHCb muon-tagged measurement: Run-1 3/fb

AAcp = 0.14 £ 0.168%2 + 0.085Ys! %  sHEPO7(2014)041
\- y,
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Results

- [arXiv:1602.03160,PRL116 (2016)191601]
AACP =

The observable AA, is mostly
sensitive to direct CP

asymmetry, Aa9",, but with a ~
small contribution also to

indirect CP asymmetry, aindr, ~2 X 10

\_
( 10,X10°

J
=0 A SLKK*and nn” -
g — A prompt K'’K*

A prompt T

o « no CPV
and = (0.058 + 0.044)% |

Aadly, = (—0.061 & 0.076)%

Ad,,SL

AA ., prompt —

LHCb

-10 . . x10*
-10 -5 0 -5 10
amd
K cp )
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