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Covered experiments

LHCb
\ * Very large sample of HF hadrons in pp collisions at LHC:
Wl e — 0, =1419 + 134ub @ 7 TeV [Nucl. Phys. B871, 1-20]

—1fbl@7TeV+2fbl@ 8 TeV
— ~2 kHz of charm events stored on disk CDFIl ..

* Exploiting final statistics collected after
10 years at TeVatron

— general purpose experiment

— ~10® pp collisions @ 1.96 TeV
— ~ 1% of collisions yields a D meson

Belle Detector west CMX (miniskirt) east
.o mosies @ Collected e*-e” asymmetric collisions at KEKB:

35GeV e’
T

SC solenoid =7
16T \\ &)

Csl(TI) 16X,

A= 5 — More than 1 ab™ of integrated luminosity at
s e various Y resonances “

2222222 02

TOF counter -

s 2 — ﬁ 4 4 CLEO'C \/ Ca;?;;::;ing Cherenkov
W S s, O™ 1-3nb @Y(45) resonance LR
\ /tr( ’T\ | \, | SC Quadrupole ‘ i \“‘ In:r:rB;e:::nt::i‘:;“berl
4,§i;§-g;gD? B Rrers * Collected e*-e collisions at W(3770) >
resonance: ’?\w ) et
. Rare Earth A, =
— Full sample is 818 pb* \ S / poepce

Magnet Barrel Muon

— very clean environment e



Experimental observable

* Quintessential observable in time-integrated CPV is
_N(D—f)-N(D —f)
N(D—f)+N(D — )

RAW

Agray IS related to CPV parameters by

Apaw S Acp| t Ap A, 1 Ay

‘ _I(D—f)-T(D —f)| Different production Different detection

“ 1D —>f)+I(l_) —>f)| rates between D and D efficiencies

CP asymmetry related to between f and f
CKM parameters

Asymmetry in
determination of D
flavour

* Experimental issues
— determine the corrections to Ag,y

— general strategy is to measure Ag,,, in Cabibbo-favoured
decays where CPV is very unlikely



Tag asymmetry

* Correction peculiar of neutral D°
mesons

* Two strategies:
— D*-prompt: D** DO
* reconstruct D"*-> DO} decays TN
* 7w charge denotes D° flavour o 5 ns““\\
* A; comes from &t} detection asymmetry
* used by all the experiments

— Semi-leptonic:
semi-leptonic }1'

* reconstruct B> D%u*X decays
u* charge denotes D° flavour . % K-
B ¢

A; comes from m detection asymmetry —
completely independent of the AN

D*-prompt sample “large IP x
peculiar of LHCb



Production asymmetry

Depends on several factors

Tag of DO:

— D*-prompt = A, of D*

— Semi-leptonic 2 A, of B mesons

Environment
— p-p collisions:

* initial imbalance between q and g
« different hadronization probabilities for D and D

* may depend on kinematic

— p-p collisions:

* expect A, to vary as a function of 1

* D (D) production may be favourite in the direction

of p (p)
— et*-e collisions:

e function of CMS polar angle
%
A, =A, (cosH )

e can be easily disentangled

cor (—cos6™)
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raw
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Detection asymmetry

* Charge conjugate final states
can have different detection
efficiency

 Asymmetry in particle 4of
interaction with material 2L Data from KA. Olive et al. (PDG), CPC 38 (2014) 09000

OAIlIlIl L " PR | PR |

— e.g.: K has larger inelastic | 10 02
. . plablnGeV/c
cross-section with
detector material with
respect to K*

 Asymmetry in detector
response

— e.g.: different efficiency
with respect to bending : e
direction of charged tracks Kaon p [GeV/c]

— regularly revert magnet polarity

100} -
; +Kd

+K*d

o

(]

o
IIII]IIIIIIIIIII*II
%

g

Cross-section in mb
[o2]
o

Ap(K ) [%]

JHEP 07 (2014) 041




CP asymmetries in D? and D* decays

PRD 89 (2014) 072002



CP asymmetries in D° and D* decays
[PRD 89 (2014) 072002]

D-D pairs produced in the decay of
PY(3770) resonance:

— very clean environment

Detection asymmetries are estimated

using partially reconstruction of D decays

— fits of missing mass in regions of the
kinematic of missing track

Mode CP asymmetry (%)
D > K nt 0.3+0.3+0.6
D% - K-zt 0.1+03+04
D° » K ntnta 0.2+0.3+04
Dt - K ztat -03+02+04
Dt - K ztata° -03+0.6+0.4
Dt - Kozt -1.1+£0.6+0.2
D - Kon*n° -0.1+0.7+0.2
Dt - Kdntntn 00+£12+03
Dt - KK #nt -0.1+£09+04

No evidence for CPV

Events / (1 MeV/c?)
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Search for CP violation in the decay
Dttt

s

PLB 728 (2014) 585-595



Search for CP violation in the decay D*2>n n*n*

(PLB 728 (2014) 585-595)

- : 1fbl @ 7 TeV
* Model independent Dalitz Plot T T CEALLA =
analysis to look for local T 0
CP asymmetries © I LHCb  {j2500
: . t dt B 2F
— define a test statistic parzmﬁaigzifnmztﬁ::ove i 19200
* binned method / (A, Ay or Ag) 1'55 1500
I =4 1000
. Nt —aN:- N+ M ]
Sep = —= —, a=_-, 0.5F = 4 500
\/a(N;L +N7) N : :
T T s T
* unbinned method (k-nearest neighbour, kNN) | s [GeVYcd]
1 N%— "Zk computed in different regions
T = I(i,k) of DP to take into account RS
(N 4 N-) i=1 k=1 resonance structure ?_;H(m
= 12000
— 10000
— both S, and T have well defined g 8000
distributions in the no-CPV hypothesis g 600 A
g 4000 3
O |
f(SCP) — G(O,l) 2000 —" . SN

0 >
1850 1900

/ (T) = G(MT ,GT) M(n’n*n*)[l\‘llcUV/ch



BINNED METHOD

UNBINNED METHOD

Search for CP violation in the decay D*2>nwn*nt
(PLB 728 (2014) 585-595)

5 3F T T T T
= F (c)
> 2.5
O
E" 2 . I
1'5:  —
IE —
%0 " ""0s T 15
S [GEVZ]
T O3E T T L
= LHCb
Z t (@)
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5 2 4
2B X
i T i
6 .
oS | 3 ]
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=

1
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|
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|
|
|
1

1 1 1 1 1 1 1 1

RO R1 R2 R3 R3IR3r R4 R5 R6 R7 Pl P2 P3

Regions

1 Binned method

— p-value for no-CPV
always > 50% for different
binning schemes

1 Unbinned method

— p-value for no-CPV
always > 30% in different
regions of DP

No evidence of CP violation is observed y



Search for CP violation in D> mwt*rt°
decays with the energy test

s

[PLB 740 (2015) 158-167]
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Search for CP violation in D2 n*n® decays with the

energy test
[PLB 740 (2015) 158-167]
* Model independent Dalitz Plot analysis to ee. 1nce o
look for CPV © M.,
— method is unbinned and is based on test e 100
5 statistic T=2,(T;+ T) _
LB 1 n 1J i 80
2 Ti=— o .. = contribute of a single D° [
g T wm-D 2V 3o 2V 8 i 60
0 o J#i J 1 '

g S i - 40
%3 ;__1 ¥ 1S~ - contribute of a single B° 20
E izZﬁ(ﬁ_l);%_ﬁ;w. ° 0 i . T
- — 0 1 2 3

W;;: gaussian metric decreasing with T=0-> no-CPV
ij-distance in the DP T>0-> CPV
Examples from simulation
introducing 2% direct CPV in p* resonance introducing 1° CPV phase in p* resonance
¥ LHCh simulation X T T LHCb simulaton P s T LHC simulation : LHCb simulation 3 g
> @) = 2 ®) > 5§ %t © " (@ 2§
O QO £ O &
& g2 g2 1 L&
= £ 0 g = [ 0 0 %
: | T n E | : .
I 2 < [ 2 &
: . > % AN : -3 I e Ly B -3
% 1 2 3 0 1 2 3 % 1 2 3 0 | 2 3
mi(x+7°) [GeV/ct] m3(r*n°) (GeV/c*) mi(x*7®) [GeV?/ct) mi(x'n’) [GeV/ct)



Entries/(5x10°%)

Search for CP violation in D2 n*n® decays with the
energy test

[PLB 740 (2015) 158-167] 2 @BTey
« DO flavour determined using D*-prompt ; s0000 |- L
* Two different reconstruction of mt° § 6(,(_,0(_,; :::jk
— merged: worse mass resolution but larger p; £ ol ]
— resolved: better mass resolution but lower p; % oo b :
» Reference distribution of T for no-CPV case is obtained | — ]

150 155
Am [MeV/c?]

using permutation with randomly assigned flavour e

— p-value is the fraction of permutations

above nominal T value & 00 [ @ N
Consistent with no-CPV CO ~247k
p-value = (2.6 £ 0.5)% T = ) merg.
) observed - ) g 3
E ] ~ ot g 10000 |- -1
g Tvalue - B 2 ]
1.84 x 10 E :
- E o s as0 s
3 E Am [MeV/c?]
I SR

T value [10°] 14

1000 permutation m2(rn?) [GeV?/c*]



Search for direct CPV in D*2>KJK* and
D!->KSn* decays

s

JHEP 10 (2014) 025



Search for direct CPV in D> KZh*

[JHEP 10 (2014) 025]

. ( )—>K0h D( )—>K“h
 CPV observable is D, K Ny — N
teas Dl KRt D, —K3h-
sig + NSIg
N * Two sources of asymmetry
D( )—>K0h D( )—>K0h pt . . 0/70
Ameas ~ Aqp + Aplod + Ajer TW — interaction asymmetry of K°/K
— presence of mixing and CPV

in the KO-K° system

Ay = (+0.07 £0.02)%

* Assuming negligible CPV in CF decays

DF -+ KQnt DF 5K+t DY = ém
A(P = Ameas - Amoas - 'AI\—”
DT LKIK* DT LS KOK* DF 5KIK* D KOn* DY —»ém
A(jp ° - -Am(?as ° - Amcas S - [-Am( as 8T _ -Am'("ras T ] - »AK”

Detection and production asymmetries cancel in the difference of raw asymmetries
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Search for direct CPV in D> KZh*

(JHEP 10 (2014) 025)

-1 -1
 Sample divided by charge and .1 fb‘ @ 7Tev + 2 fb .@ 8 Te\{

magnet polarity ;&m EW a) J\ LHCb H %:1(,4 b)A LHCb _
* Simultaneous fit of all subsamples "2 ¢ “p+ " pt 1 it S D pr
-E& 102 :‘; S"‘.. 3 S 10 :,:' S 3
* p;andn distributions of D in the B SR AT i
various channels are equalized 3 S UL 1 '
N o o 1800 1850 1900 1950 2000 1800 1850 1900 1950 2000
using a weighting procedure ) Vi ) MeVic
Decay mode Yield < L 10°
D* - KJn* 4834440+ 2555 a2 2
D* - KOr* 120976+ 692 %, 2 T 210F
D* - KOK* 101351641379 AN AT R
D* - KOK* 1476980+ 2354 O D* D} i
D* — ¢n* 70201602739 HT" kL - s okt oL i
D* — ¢r* 13144900+ 3879 O E o B |
T3 i 1 U T
:t :t 1850 1900 1950 2000 1850 1900 1950 2000
DELSKOK o o _ N m(K{K*) [MeV/c?] m(KK") [MeV/c?]
Aip 750 = (40.03£0.17 + 0.14)%
Df 5 K2x* » . :
AZ ST (40,38 +0.46 £ 0.17)%, No evidence of CPV
BaBar [PRD 87 (2013) 052012] (+0.13 £0.36 £ 0.25) % BaBar [PRD 87 (2013) 052012] (+0.6£2.0£0.3) %
Belle [JHEP 02 (2013) 098 (-0.25+0.28 £0.14) % Belle [PRL 104 (2010) 181602] (+5.45+2.50+0.33) %

CLEO-c [PRD 81 (2010) 052013] (0.2+1.5+09)% CLEO-c [PRD 81 (2010) 052013] (+16.3+£7.3+0.3)% 17



Search for CP Violation in D> 0
and D% K2n°® decays
7>

/Lo

BELLE
[PRL 112 (2014) 211601]
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Search for CP Violation in D°>a%x® and D°->KIn° decays
[PRL 112 (2014) 211601]

Slow pion asymmetry

Initial flavour of the D° tagged with D*-prompt . |

cos 0

0.8

— introduce detection asymmetry of &/ 05

04

— studied using tagged and untagged
samples of D> K+ decays as a p
function of p; and cosb of &t 02

Ag; can be subtracted subtracted thanks to
L * )
its dependence on cos0O

0.1 0.2 0.3 0.4 0.5 0.6

__ ALY (cosf™*) —|—;41‘3§£V (—cosf™) p, (GeV/e)

Acp

2
Alaw (cos0™) —Atgy, (—cosd) 004 004

AFB — >

[ [ ---:leading order
002t DO ntOr0 002f expectation
of....

For DO->Kn° decays need to take into & ++ .........................

AFB

-0.02F -0.02f

account : 3
0.04f ++ -0.04} DO KS%O

— KO9/KO interaction asymmetry: A= -0.11% ool gl
[PRD 84, 111501 (2011)] A |‘cose"| ' ‘ |.cose.-| A

— CPV in K%K° mixing: (-0.339 + 0.007)%
[PRL 109, 021601 (2012): 109, 119903(E) (2012)]

19



Search for CP Violation in D> a°n® and D> K2r® decays
[PRL 112 (2014) 211601]

Using a luminosity of 996 fb!

— ~ 345k D*>n%r°
— ~ 470k DO>KO)

Events/(0.2 MeV/c?)

b
&

In order to take into account all the

corrections to Ag,,, fits are
performed in bins of

25

N

—y
o

—_

0.15
AM (GeV/c?)

0.155

x10°

(cosB”, p;, cosB) > 10x 7 x 8 ‘“2‘ DO-> 00
w0 _ (0,034 0.64+0.10)% | fui S}
AG =(-0214£0.164£007)%| T
Correcting for K°-mixing
AT (40.12 £ 0.16 £ 0.07)% < Sm—
No evidence for CPV e

|cose]

996 fb!

0145 015

AM (GeV/c?)

0.155 0.16

x10°

59> Kdn?

30
25

Events/(0.2 MeV/c?)
o S

—_
o

0145

0.15 0.155 0.16
AM (GeV/c?)
0.02f
0.01F
o [
< © —T—‘ +_"—

-0.01F l

-0.02
...................

0 0.2 04 06 08 1
|cos 6 |



Measurement of CP asymmetry in
D°—2>KK* and D> mrt* decays

s

JHEP 07 (2014) 041



Measurement of CP asymmetry in D°2> K K* and D°2>x =t decays
[JHEP 07 (2014) 041]

* Use semi-leptonic B decays to tag 17 @77TeV +2b7 @ 8TeV
DO flavour 3 123: T oS

— reconstruct B> Du*X decays 2w DODKK :E;‘Ii;l

— reconstruct D=2 KK* and D°2> it % 3 L mcont e

— corrections to Ag,,, are Ay(B) and Ay(u) S
S ;

* Measuring AA, corrections cancel in the :

1850 1900

difference: M(K K*) [MeV/c?]

AAcp = Apay (KK ™) = Ay (7' 707) = Ay (K'K ™) = Agp (') - o

—
LHCb

— sample is separated by magnet polarity to
further check removal of corrections
1800 1850 1900

* Experimental challenge is to measure single A.: MO ) [MeV/e?]
— need to determine corrections
— help from CF decays where CPV =0

10

% Z): ; DO 9 n-n+ -e-Data
: : : = "f fromB f % —To
— re-weight of events is used to equalize LA UGS B R
kinematical distributions 3 ) moarn
g 20F
S

)

22



Measurement of CP asymmetry in D°2> K K* and D°2>x =t decays

[JHEP 07 (2014) 041]
= x10° —
ARAW(K+K_) =ACP(K+K_)+ AP(B)"'AD(M) § ;00_ LHCb
R e Wt
Z f fromB - Signal
AT )+, (B) + AD(M)|+ AD(K‘n:*) - ARAW(K'E*) f *z: B Comb. bke.
0:

1850 1900
M(K ") [MeV/c?]

23



Measurement of CP asymmetry in D°2>K'K* and D’ rt* decays

[JHEP 07 (2014) 041]
Araw (KK ™) = Acp (KK ) +]4,(B) + A (1) 3 500?0' | LHCb |
2 wp DKW o
Z f fromB -~ Signal
Aeliem Ty (8) () g (k) 5 ) i
Q':’

1850 1900
M(K 7*) [MeV/c2]

ARAW(D+ eK’n*n*) = A | D’ T +|AD(K_.TE+)|+AP(D+)+AD(JT+)

_ x10° : —_—
<1, 2500 -
< LHCb E
N Prompt N :
= 2000 + bt o Daa =
E D 9K A — Total ]
— ~ ---- Signal ]
Z 1500 40M g 3
> @ Comb. bkg.
2 1000
=
Es)
g 500
O

0

1850 1900

M(K m*r*) [MeV/c?)
(d)

24



Apaw (K'K™) = Acp (KK ) +

. x10° : —_—

« 2500 -
< LHCb E
N Prompt N :
O, ) -e-Data E
E 2000 D*2>Kmnt — Total ]
:' ~40M ---- Signal

< 1500 [ Comb. bkg.

A

Z 1000

=

=

g 500

@)

Measurement of CP asymmetry in D°2>K'K* and D’ rt* decays

[JHEP 07 (2014) 041]

A T )+

A (B) + A, (1)

A, (B)+A,( M)HAD (k) |= Apaw (K °7%)

A (D' =K 77" ) = Ay (D k7T 4|AD (K-n+)|+

(=)

1900
M(K m*r*) [MeV/c?)

1850

(d)

Candidates / ( 1.1 MeV/c?)

x10° : —_—
500E- LHCb

- D= Kt -o-Data
400 — Total

 fromB .- Signal
300F I Comb. bkg.

1(0.054 £ 0.014)%

ACP(K_K+) — AraW(K_K+)

- AraW(K_'/T_*-) + AD(K_W+)

0 1850 1900
M(K %) [MeV/c2]
(c)
+ +
Ap(D7)+ Ap(7*)

+ + + 0__+
AP(D )+AD(J'L’ ) ARAW(D — K. )
x10° —_—

220 LHCb
200
180 -o- Data

Candidates / ( 1.1 MeV/c¢?)

— Total

---- Signal
8 Comb. bkg.

1900
M(K'n*) [MeV/c2]



Measurement of CP asymmetry in D°2>K'K* and D’ rt* decays

[JHEP 07 (2014) 041]

Ignoring contribution from indirect CPV
R06F  BaBar | | 4

Belle prelim.

1 05 0 05 1
Acp(t) [%]

Acp(K~K™') = (—0.06 + 0.15 (stat) £ 0.10 (syst))%
Acp(n~ ") = (=0.20 £ 0.19 (stat) £ 0.10 (syst)) %

26



Direct and indirect CPV in AA_,

* |In D% decays one should take into account indirect CPV coming from
mixing and interference between mixing and decay

— AA;, does not measure pure direct CPV

) A<t> ) (D" eh*h') —‘L’(DO —~h*h")
AACP =~ AagP — @ A = r(l_)o eh*h‘)+t(D° eh*h’)

T

* Two recent measurements of A
— LHCb [JHEP 04 (2015) 043]:

* use of D% from semi-leptonic B decays

— CDF [PRD 90 (2014) 111103]:
 use of D? tagged with D*-prompt

— Same technique ;
o measure Ag,, inbinsof t/t  Apay (1) = 4,

* A, contains A, A, and A2 = no effect on the determination of Ay
* independence of A, from decay time is controlled using CF D°>Krt* decays

27



Candidates per 0.09 MeV/c?

Measurements of A
9.7 fb!

x10° PHYSICAL REVIEW D 90, 111103(R) (2014)
I ! ' ! ' l ! ' ! ' l ' ' Y ' I ' ' Y ' l ' Y ! ' T T T a2 T T T T T az T T T
70F  (a) 0" D= K'K) & (b) D™= D (= K'K) 004 (a) . Data (9.7 f0") E
60 ) = N
% D> KK* e Data (9.7 fb") 0.02F — CP violation allowed
from D* — Fit —~ : . No CP violation ]
40 I b = multibody > oF { E
~1.2M S X . ]
30 [ combinatorics I -0.02[ ]
20 0.04 =
-0.06 —
() 0= D> ') w2 (d) 0= D'(— n'm) T, 0.04 :— (b) o ] l l —:
D> nw* ' 0.02f- e
* —_ - ]
from D 5 oF =
0.6M < -0.02f -
-0.04 |- } -
. -0.06 -
2.005 2.01 2.015 2.005 2.01 2015 2.02 0 o 4 6 /[ 20
Dr: mass [GeV/c?] th

Ar(KTK™) = (—0.19 £ 0.15(stat) & 0.04(syst)) %,
Ar(zTz~) = (—0.01 £ 0.18(stat) + 0.03(syst)) %,

No evidence of CPV



JHEP 04 (2015) 043 -1fb'! @ 7 TeV +2 fb! @ 8 TeV

Measurements of A

W

o x10° oy FEma
L 160F ' o - ata -
= E LHCb - Data 3 — _ rs ]
;140.— (a) [} —Total fit E T :":i,mear ﬁt_:
~ 120 F DO%K_K_'_ - ....DO_)K—K+ —5 q ;| lo band:
= 100 : [ Comb. bkg. 3 é 3
% 80F fromB | E ST TTRTS . UL SU—— ]
s 60F ~ 3 : ———
g awp  "23M z 5
O 20§ \ E : E
— F * * - -.‘1 * * — 1 * E S5 —— T T {
E Oénﬁ'rr--'rju'-r"w‘-r'l1 ‘r”‘l"'l'f'l"“i! E 0E-r,v—-'~rr‘-l'w-.-Jr'1——_ -g
5 1 1 : ] ] ] ]
1850 1900 S
= 0 1000 2000 3000 4000 5000
+ 2
3 MK K*) [MeV/c?] ¢ [fs]
x10
2 b LHOD \ ~Data ® 15F LHCb (b)' " [+Daa 3
g (b) Doen-nﬁ —Total fit 3 2 q, 10 :_ DO STt “—"Lmea_r fit 1
A 40‘ from B ::' ""DO—)ﬂ_ﬂ+ E :%-’ - : Lt lo'band-:
< 30f ¢\ EComb. bkg ] sE )
5 Ok ~0.8M [\ | Knbkg ] ot ol :
§ 20:- E 0 = R
T 10F 3 F 3
< T S A SE :
= , F . St e
& Zﬂ-lﬂﬁ--','»'-.-—u-a-l--u -n.--.m-.-pT.A-nmi E 02‘ L Lo a
1800 1850 1900 5E : ' - ‘
M@ ) [MeV/c?] 0 1000 2000 3000 4000 5000

t [fs]

Ar(K K1) = (-0.134 £ 0.077 19028) %
Ar(r~mt) = (—0.092 + 0.145 *9953) % | No evidence of CPV 29




Direct and |nd|rect CPV
Bazer S

0.010 Winter 2015 CDF

LHCb SL

¢ no CPV |
BaBar

LHCb KK
LHCb =7

0.005 |

0.000

dir
Aa’CP

—0.005 |

—0.010 |

Conto.1rs contain 68%, 95%, 99% CL
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Conclusions

* Several measurements of time-integrated CPV in charm
decays have been presented

— model independent search for CPV in Dalitz Plot of multibody
D decays

e D*S>umnt, DOl §EES

* model-dependent measurements will be the next step to extract all
the information from resonance structure

— Measurements of CPV asymmetries in several D® and D*
decays

DO and D* to several modes including 7t°® and K2
DE>Krt, D> KIK* el
D> 7t%° and D> K2r®

DO>KK* and D> m*

Measurements entered the regime of O(10-3) precision




Conclusions

* No evidence of CPV yet...

e More results will arrive in the near future
— LHCDb still have to exploit the full potential of Runl

— more data will come from Run2 of LHC = LHCb
trigger rate will double

— Belle Il will start to take data soon

— for longer term prospects see Umberto Marconi’s
and Matt Barrett’s talks on Friday



