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Charm mixing formalism
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The mass eigenstates

ID;,) = p|D°) £ q|D°)
Ip|> +1q]* = 1
m(Dl,Z) =my,, I (D1,2) =TI,

The mixing parameters
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C chq q

The phase convention
CP|D°) = —|D°)

The SM expectations

Short distances x ~y ~ 1073
Long distances x ~y ~ 1072

The first evidences

Phys. Rev. Lett. 98, 211802 (2007)
Phys. Rev. Lett. 98, 211803 (2007)
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Charm forms the only neutral meson
system with the heavy up quark



CP violation parameters

The decay amplitudes ]

c/qu
Az =

(F121D®), A = (fIH]D°)
(fl#|D°), Af = (f|#|D°)

The parameter A |

o

* For a CP eigenstate f

4 el®
p

/1f = —TNcp

| C?P violation |
/ﬂf - 144 D \
—2 ~ H t
Jlf + Ay irec
Indirect

In mixing

In interference between
mixing and decay




Charm mixing within the Standard Model

Inclusive approach » Difficult since c is not heavy enough
- OPE, LQCD D’ D
« x,y<1073
Viq |2
] * Sum over intermediate hadronic states K
Exclusivesappioach Cancelations between states within SU(B)f o 7 S .
* Precise data on many decay rates is needed S~ e
T, K

c xSy~1072

2
« xSy ~sin®f; X [SU(S)f breaking]
* Clear signals of new dynamics

s YyKLKx~1%

« CP violation > 1073

Conclusions
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Charm production

Parameter Belle+BaBar
(1.5ab™?)

Decay time

Incoherent decays

Coherent decays

N(D° - K~m™) untagged, 10°

N(D*t - D%+, D% - K—nt), 10° 2.5 [2]

N(D* - K n*rnt), 10° 1.2 [4]

N(D} - @n™), 10° 0.5

Belle Il LHCb LHCb
(50 ab™?)

Super c-T

(5fb~1) | (50fb~1) | (10ab~?)

40000 [1] 100

140 [2] 100 [1] 7000 [1] 20%*
40 15011 | 11000 [1] 200
17 13 [1] 1000 [1] 40

* Expected yield of 1(3770) - D°D® - (K~n*)(K*m™) is shown for SCTF

[1] LHCb Collaboration, Eur. Phys. J. C73, 2373 (2013)

«Implications of LHCb measurements and future prospects»

[2] Physics at Super B Factory, arXiv:1002.5012 [hep-ex]
[3] CLEO Collaboration, Phys. Rev. D86, 112001 (2012)
[4] Phys. Rev. Lett. 102, 221802 (2009)

« o(pp » D°X) @ 13 TeV = 2 mb
e g(lete” > c0) @Y(4S) = 1.3nb
« o(ete” » ¢cc) @y (3770) ~ 6nb



Charm mixing




Charm mixing observables

\ Wrong-sign semileptonic

Ry =

_x*4+y* TD°->17X)

Phys. Rev. D76, 014018 (2007) (BaBar)
Phys. Rev. D77, 112003 (2009) (Belle)

2 T(DY - [*X)

| CF and DCS D decays

/F(Do(t)

y' = ycos Sk, — xsin Ok,

Phys. Rev. D95, 052004 (2017) (LHCb)

Phys. Lett. B 734, 277 (2014) (BESIII)

Phys. Rev. D73, 034024 (2006) (Asner, Sun)

_ 2 1

Phys. Rev. Lett. 98, 211802 (2007) (BaBar)
Phys. Rev. Lett. 112, 111801 (2014) (Belle)

A ANl Coherent |

Phys. Rev. D86, 112001 (2012) (CLEO-c)

\ D to CP eigenstate \

2[(D° - K—1tt)
Phys. Rev. Lett. 98, 211803 (2007)

JHEP 04, 129 (2012) (LHCb)
Phys. Rev. D87, 012004 (2013) (BaBar)

1(B(Dep- = 1) BDeps = D)
Ye? = 4\BDepr =D BDep- = )
wys. Lett. B744, 339 (2015) (BESIII)

ENLCIEY, PRy,

\ Dalitz analysis \

/ Direct sensitivity to x and y

* Incoherent: model-dependent
* Phys. Rev. Lett. 105, 081803 (2010) (BaBar)
* Phys. Rev. D89, 091103 (2014) (Belle)

* Incoherent with external coherent input
* JHEP 04, 033 (2016) (LHCb)

K Coherent: model-independent measurement




Dalitz analysis of DY —» K2n*m~ decay

| The method | T selle 2] Sof |
4 3 5 :
 Time-dependent Dalitz analysis e S LY :
2 .2 —Tt 2 . : E 5 va |
Pp(t,m%,m?) ~ Te Tt ||Ap|? — Tt Re (ApAp(y + ix))] s Y |
[4] I4
* Sensitivity due to the strong phase variation over the Dalitz plot i 8 50001 ”\\ M;: ‘|
I w [ ]
% A(m3,m2) from D° - K2n*n~ decay model ) o f | Y | ‘a‘
1 2 3 cb‘”‘D.5‘HI1HH1.5HI“2
m?2 (GeV?/c?) m2, (GeV?/c*
. BaBar[1] -~ -~ sevied
no | : I ' c;‘i 15000 - 'ﬁ‘» &;2 o000
. 4685 b1, D** — DO+ Belle2] | 3 B g
g 0.01 : ] D R / * 1 60000 I|
x=(0.16 +0.23+0.12 + 0.08)% : S 10000 fo I S |
y = (057 + 0.20+0.13 + 007)% E - ."\ x‘r \\‘» /f; |¢| 340000 Jh
c roA \ c |
\ \ YN dem
Belle [2] | | \ ‘
0.005 | ] B B d ey
e 921fb~1, D** - DOt m2 (GeV?/c?) m2 (GeV?/c?)
-0.01 L L L L
x = (0.56+0.19 + 0.08 + 0.08)% -0.01 -0.005 0 0.005 0.01 0.015 [1] Phys. Rev. Lett. 105, 081803 (2010) (BaBar)
y = (0.30 £ 0.15 + 0.05 + 0.07)% g [2] Phys. Rev. D89, 091103 (2014) (Belle)




Model-independent Dalitz analysis

| The method |

* Binned time-dependent Dalitz analysis [1,2]
Pp(t,i) < e Tt [K; — Tt K;K_;(Ciy + S;x)]
Pp(t, i) < e T [K_; — Tt /K;K_(C;y — Six)]
« C; and S; are measured in coherent D°D°

\ pair decays [3]

Z;

\

J, ApAp dmidm2

\/fDichDIzdmidmZ - fDilcﬂglzdmidmZ
Ci = ReZl-, Si= Ile

/

| LHCb [4] |

e 1.0fb'@7 TeV,D** - Dt
x =(—0.86+0.53+0.17)%
y = (+0.03 £ 0.46 + 0.13)%

[1] Phys. Rev. D68, 054018 (2003)
[2] Phys. Rev. D82, 034033 (2010)
[3] Phys. Rev. D82, 112006 (2010)
[4] JHEP 04, 033 (2016)
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Future precision

Parameter Belle Il LHCb Super c-T
@ 50ab~?! @ 50 fb~?! @ 10ab™?
1. “Implications of LHCb measurements and future prospects”, : )
Eur. Phys. J. C73, 2373 (2013) WS semileptonic
2. “Physics at Super B Factory”, arXiv:1002.5012 [hep-ex] N _5 —7
3. A.Bondaret al., Phys. Rev. D82, 034033 (2010) Rm 510 0(5x107) [1]
CF and DCS D decays
y, 10™* 2
y',107* | 16 (syst.) [2] O(1) [1] —
coS Ok 2x1073
Rp,107° 10 0(0.3) 1
D to CP eigenstates
yep, 107% | 10 (syst.) [2] 0.4 [1] 4

Dalitz analysis
x,107* | 10 (syst.) [2] 1.7 [1] ~1[3]
y, 1074 7 (syst.) [2] 1.9 [1] ~ 1 [3]



Quantum correlations




Measurements using gt

~ Correlations with € = -1

{ (i, /) o< KilD2)(j1D1) — (iID1){ID)I? + O (x2,y?) }

 Average strong phase differences

ﬂ\/leasurement using D°D® - 2(Kdn*tn~ )\

M;j < K;K_; + K_;K; — 2 |K;K_;K_;K;(C;C; + S;S;)

* Existing results
« D> K)ntrn™ [2]
e Dontn ntn[3]
« Do Kdn ntnO[4]
* Applications
e Charm mixing

« CKMangleyin B - DK*,D -» Kdn*tn™
N; < K; + m8K_; + 2\/K;K_;(x5C; + y5S)

\\ e CKMangle8inB® - D°h% D — KS‘)W

3.0r

2.5

2]

% 20
>
[0)
g 1.5
o
1S
1.0
0.5
Lol oo b v by by a Ly
0.5 1.0 1.5 2.0 25 3.0
m2 (GeV?/c?)
15 r
(d)
B —— Statistical [2]
-1.5 [ | — Total
- *  Model Expectation
T‘\III\ ‘\\\II\\II\III
5 -1.0 -05 0 0.5 1.0 15
C.

o - N W s (&) o N o

o(y) [°]

antum correlations |

Important input for future
CKM measurements

T T T T T T L R | T T T T

oE fue —a, [3] 3
16 E_ — 0, , CLEO-c data _E
14E —— ©,,, Pred. BESIII 29fb" 3
12F — o, Pred. BESII 100 fb" 3
10;— =
8F -
6F =
4E -
2F —
() Bl 1 N Sl

10 10* 10° 10°
N[B*— DK%, D— 4r’]

[1] Phys. Rev. D68, 054018 (2003)
[2] Phys. Rev. D82, 112006 (2012)
[3] arXiv: 1709.03467 [hep-ex]
[4] arXiv: 1710.10086 [hep-ex]
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Measurements using quantum correlations |l

Coherence factors and average strong phase differences [1] CP content of multibody decays
Rretty = DA D e N e
J A @] dx - [ |Ar ()] dx *SNT YN =53

where ST is number of ST fcp+ events and M*is

. : 070
Measurement using D*D" - FG number of DT (f¢px f) events

I'(FG) =Ty |PrP; + PrP; — 2R:R, /PFI3GI3FPG cos(ép — 66)] * Existing results
. Existing results + F(n*n %) = 0.968 + 0.017 + 0.006 [6]
e DY S Kt (Rgy = 1,&ks = Okx) [2,3] e F.(K*Km% =0.731+0.058 + 0.021 [6]
e D5 K ntr®[4] 0 4+ — _0) _
. DO & K-mtmtn [45] F,(Kdn*n~n®) = 0.238 + 0.012 £ 0.012 [7]
« CKM angley in B - DK* (ADS-like method) * CKMangley in B¥ —» DK* (GLW-like method)
F(B+ — DK+) o 1§ + 15 + 2rp1p Ry COS(SB +¢p + )’) F(B¢ - DKi) x 1+ rgcos(ég +y) (2F, — 1)

[1] Phys. Rev. D68, 033003 (2003) [5] Phys. Lett. B757, 520 (2016)
[2] Phys. Rev. D86, 112001 (2012) [6] Phys. Lett. B740, 1 (2015)
[3] Phys. Lett. B734, 227 (2014) [7] arXiv: 1710.10086 [hep-ex]

[4] Phys. Rev. D80, 031105(R) (2009)



Measurements using
guantum correlations Il

Access to coherent C = +1 and non-coherent decays
ete™ - 1(4040) -» DD*
« CoherentC =—-1:D°D*% - DOD%0
M;; = K;K_; + K_;K; — 2 /KiK_jK_in(Cicj +5;5;)
« CoherentC = +1: D°D*? - DOD%
M = KiK_; + K_K; — 2 |K;K_;K_;K;(C;C; + S;5;)
+2K; \[KiK_; (yC; — xS;) + 2K_j\[KiK_;(yC; + xS;)

+2K; /K,-K_ i(yC; —xS;) + 2K_; /K]-K_ i(yCi + x5))

e Incoherent D"D*t - D~ DOt

Ki, = Ki + W/KiK—i(yCi + XSi)

Measurement of the charm mixing
and the phase parameters in a single
experiment

[1] Phys. Rev. D82, 034033 (2010)
[2] Phys. Rev. D80, 072001 (2009)
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C2P violation




CP violation observables

~ CPviolation { D° to CP eigenstate }
fThe decay rate asymmetry \
_TD°>f)-TD°>f) it _ g (t>
P = r'(D° - f)+T(D° - f) dep -y

where (t) is the average decay time of candidates
* The effective lifetime ratio

[(D° - f)—T(D° - f)
[(D° > /) +T(D° > f)

* The lifetime CP asymmetry

(D% - f)—T(D° -
k Ayfz( f)zr( f)=(1+)’cp)Ar /

F:

{ Direct CP violation } { Dalitz analysis ] | Four-body decays )

2 _ | 5.2 4 . o N (o R

dir _ |dq]f| - |Jlf| 1 Direct sensitivity to 4,, and ¢ T océld corrilattlons
- |c,qf|2 + |dqf|2 o274 * Incoherent: model-dependent nerg.\'/ es

* Incoherent with external coherent input N~ <

* Coherent: model-independent measurement 1
N P t) /




Dalitz analysis of D° - Kdn*tm

Belle
« 921fb71,D** -5 D+, D0 - Kdntm™ [1]

* Time-dependent Dalitz analysis

2‘ = 0.90 + 0.16 + 0.05 + 0.06

p
arg<g> =(—-6+11+3+4)

[1] Phys. Rev. D89, 091103(R) (2014) (Belle)
[2] arXiv:1002.5012 [hep-ex]
[3] A. Bondar et al., Phys. Rev. D82, 034033 (2010)

Future precision

Parameter Belle Il Super c-T
@50ab™! | @10ab™?
‘q‘ 0.05 [2] ~ 0.01 [3]
p
<q> 3°|2] ~ 1°[3]
arg E



Direct CP violation in charm

Direct CP violation

(At least) two different coherent amplitudes
with different weak and strong phases
generates direct CP violation

A(D — f) = alei((Pl‘HSl) + azei(§02+62)

where @; - weak phases and §; - strong phases

Acp X sin Ap sin Ad

A charm(ing) feature

long-distance dynamics is important in charm
decays: re-scattering leads to the complex
connections between the worlds of hadrons
and quarks [I. Bigi]

C ‘?:t; S C _cti d
m V[V:‘,%'<§
V'u,d U Vus U

_|_
c Ves s ¢ ViEWT vy

V’LLS U b
* SM expectations
» Zero weak phase in CF and transitions
* Very small weak phases in transitions
Acp <1073

* |tisimportant to probe regional asymmetries in
multibody decays



Direct CP violation in DT decays
(some examples)

Mode CLEO-c B factories LHCb LHCb 50 fb~?
D* - KOK* | —02+15+09([1] = 0.08+0.28 +0.14* [3] | 0.03+0.17 +0.14* [4] = 0.01 [5]
Dt - mn*tn® | 429429+ 0.3[1]
D* > K*m® | —3.5+10.7 + 0.9 [1]
D* > mty | —20+423+03[1] | +174+1.13 + 0.19 2]
D* Smty | —40+34+03[1] | —0.12+1.12+0.17 [2]

Ve

- —3 . 1n—4 [2] Phys. Rev. Lett. 107, 221801 (2011)
. precision level of 107> = 10 (3] JHEP 02, 098 (2013)

[4] JHEP 1410, 025 (2014) (LHCb 3 fb™1)
[5] Eur. Phys. J. C73, 2373 (2013)

‘ CLEO-c charge asymmetry [1] ’
[Ki: +0.8%,  w*: J_r0.3%]




Techniques for multibody decays

e Consider D® - KtK—mntm~
Cr =(pg+ - D+ X Pr-))

J -odd asymmetries

« T(Cr)=—Cy

* FSlcangenerate Cr # 0
« Consider D° » K*K mtm™

Cr = Pk~ P X Pr+))
« Cp #+ —Cy establishes CP violation [1]

* J-odd asymmetry [5]

T

_ T(Cr > 0) —T(Cr < 0)

T=T(Cr > 0) +T(Cr < 0)
__T(-C;>0)—-T(-Cr<0)

" I(—Cr > 0) + ['(—Cr< 0)
_Ar —Ar

Aroqa =

2

Regional phase space test

* Binned [2]
D° > K*Kn*tm™, D > ntm—nmtm™

* Binned and model-independent unbinned [3]
Dt - o rmtn™

* «Energy test» [4]
D° - n rtn®

[1] arXiv:hep-ex/0309021

[2] Phys. Lett. B726, 623 (2013) (LHCb 1 fb_l)
[3] Phys. Lett. B728, 585 (2014) (LHCb 1 fb_l)
[4] Phys. Lett. B740, 158 (2015) (LHCb 2 fb_l)
[5] JHEP 10, 005 (2014) (LHCb 3 fb_l)



BbiBOAbI

1. Cynep c-T pabpunKa N03BOUT USMEPUTH
* TapameTpbl X U y ocuunnaumii D Me30HOB ¢ To4YHOCTbIo ~ 1074
* 3Ta TOYHOCTb HAaXOAWUTCA Ha YPOBHEe OXuaaembix pe3ynbratos Belle Il n LHCb
* [lpsamoe CP HapyweHue B pacnagax D sy ME30HOB C TOYHOCTbIO 1073 +-107%

* 3Ta TOYHOCTb HAaXOAUTCA Ha YPOBHE OXKMAaemMbix pe3ynbtatoB Belle |l
* LHCb moxeT nonyuntb 60nee ToYHble pe3ynbTaTbl A1 HEKOTOPbIX MPOLECcCoB

2. KBaHTOBble KOppenAuMn AatoT YHUKANbHYO BO3MOXKHOCTb A5 USMEPEHUA PA3/INYHbIX
afJpOHHbIX NAapPaMeTpoB

* (CpegHue) pasHoctv das Ok, Okmrs -

* ®asosble napameTpsbl C; U S; aNA moaeNbHO-HE3aBUCMMOIO aHa/IM3a MHOMOYaCTMYHbIX pacnagos
e ®aKTOpPbl KOrEPEHTHOCTU MHOIOYACTUYHbIX Pacnagos

* Jlosn CP B amnanTygax MHOro4acTUYHbIX pacnagos

3. OTun agpoHHble NapameTpbl HeobxoamMmbl Ans nsydeHna ensmkn B u D me3oHOB B
skcnepumeHTax Belle Il n LHCb

* MogenbHo-He3asncnumoe namepenne CKM ¢pas S ny
* MopgenbHOo-He3aBMcMMoe ulydyeHmne ocumnnaumn D me3oHos



Backup



D® decay rates

Incoherent |

-

D*t - D, B — DX, ete”™ - cc - DDX, pp = ccX

[(FIFIDO (D)% = e[| [1 — (y ReAy + x ImAL)TE] + O(x2, y2)
{(f|1H|D?)|? « |c/lf|2(1 — y Reds + x ImA) + O(x?,y?)

~

S| S

q
1, =—.
T~ p

f

\ Boost )

/

Coherent (at rest) )

B factories: (yf)p ~ 1
LHCb: (yB)p > 1
Super c-T: (yf)p K 1

/

-

ete™ » pMOHHO C+:D°DY%, C—:D°D(rY)
[ EaY 2 *k *k
[(G1FHIDODO)? o |A;1%| A | [1261% + (1 + €)(x Im(E58e) — y Re(€586))| + O(x2,¥?)

p D
o = 5(1 + CAidy), (e = a(/1,- + CA)

~

/

24



The CKM matrix

VCKM —

/

/12
1 — —
2

—A

\A/13(1 —p—in)

A= 0.225,

AN3 (p

A
/12
1 —— —ind%*xt
2 1
—AN?
A=081, p=0.12,

AA%(1 + inA?)

n

~o
~

1
0.35

L
— in + =nA?

2

)\

+ 0 (1°)



CP violation observables

1 .
Ar = nep [5 (A + Ag)y cos ¢ — x sin <p]

1 1 |
Vep = Nep Kl — §A?n>ycos ¢ =5 AmX sin <p]



CF and DCS D° decays (D° —» K*n¥)

| CLEO-c [1] | - Correlations with JP¢ =17

4 _ . . N
» 0.82fb™" @ (3770), fit of 261 yields (i, j) o [(i|D2){jID1) = (iIDINGID)? + O (x?,y%)
y=(4242.0+1.0)%
Ry = (0.533 4 0.107 + 0.045)%
cos 8, = +0.81 + 0.22 + 0.07 | Future precision |
N sin 8, = —0.01 + 0.41 + 0.04 ) / \
Parameter Belle Il LHCb Super c-T
| BESIII [2] | @50ab™' | @50fb™' @ 10ab~?
-4 * *
. 2.92 b~ @ ¥(3770) y,10 X X 2
* yand Rp taken as an external input y',107* +4+16[4] | 0Q1)[3] —
cos Ok, = 1.02 + 0.11 £ 0.06 + 0.01 cos 8x X x 2 % 1073
y[A
-5
[1] Phys. Rev. D86, 112001 (2012) Rp,10 10 0(0.3) 1
[2] Phys. Lett. B 734, 277 (2014) K *x and y can be measured in multibody decays, see below /
[3] Eur. Phys. J. C73, 2373 (2013)

[4] arXiv:1002.5012 [hep-ex]
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DY decays to CP eigenstates

| The observable |  Future precision
[(D° - )+ T(D° - f) 1 Belle Il @ 50 ab™1: (40.05(stat.) + 0. 10(syst.))% [2]
= = —1=ycosp —=A,,xsin
Yer =158 (D0 - k-1 %) YEOSP m o AmXSING LHCb @ 50 fb™1: 0.004% [3]
SCTF @ 10 ab™1: 0.04%
| BESIII [1] | R
80 | o 80F
>
(2.92 fb~! @ 3.773 GeV \ 60 fron, Kev 2 60 [Ken'n®, Kev
° i . / 40 r 3, 40
Single tag: D = fep 1 <B(DCP_ 510 B(Depy = l)) o} 2 uf
* Quantum correlated Yep = - > i
DD - fep + Klu 4\B(Dcp+ 2 1) B(Dep- = 1) Y rarye e vy ey e S Y
7 B(Dyps — 1) = Ncp+a  Ecp+ U, GeY) U__ (GeV)
* Systematic uncertainty has K P Nepr  €cpen ) " T ol N
statistical origin 10 o, ¢ >
\ Yep = (-20£13£0.7)% A S @
sof S
g 2f
[1] Phys. Lett. B744, 339 (2015) Y B | g’ ]
[2] arXiv:1002.5012 [hep-ex] AR NG R e

[3] Eur. Phys. J. C73, 2373 (2013)
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D° decays to CP eigenstates

L The observable [(D° - f)+T(D° - f) ) 1A _ %
= = —1l=ycosgp —-Apxsin i
Yep = Tep 28(D° - K-10%) yeosg =5 4m ¢ :
s \
. LHCb[1] -+ 29pb L, D"+ - DOr* R 20 T
Yep = (0.55+£0.63+041)% | VP T (D0 S K-k
J
4 _ N\ _
 BaBar[2] * 468fb71, D% » K*n*, K- K*, n~n* 3
\ J &
4 - 5
L Belle [3] * 540fb™', D% » K*n*, K~ K*, n™n*
yep = (1.31 + 0.32 + 0.25)%
- J
[1] JHEP 04, 129 (2012) = ol :
[2] Phys. Rev. D87, 012004 (2013) S K ~ e '.-."I'-'"". 'I‘-*

[3] Phys. Rev. Lett. 98, 211803 (2007) S R | R R S S



CF and DCS D° decays (D° —» K*n¥)

BaBar [1] |

384 b1, D** - DOt

y' = (0.97 £ 0.44 + 0.31)%

R, = (0.303 + 0.019)%

Belle [2]

976 fb~1, D** - DOt
y' = (0.46 + 0.34)%
Rp = (0.353 +0.013)%

LHCb [3] |

3ftb™, B > D**u~X,D** - Dn*
y' =(0.460 + 0.370 + 0.018)%
Ry, = (0.348 + 0.010 £+ 0.001)%

[1] Phys. Rev. Lett. 98, 211802 (2007)
[2] Phys. Rev. Lett. 112, 111801 (2014)

[3] Phys. Rev. D95, 052004 (2017)
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o
0.3_—H“!l :ﬁ ....... ]
) " Tes

| Belle
[2]

[(DO(t) — fws) =e

The observable

= X COS Ay, + ysinAg,
= Yy C0oSAgr — xSin Ag

1
7|4, [R,% +Rey'T + —RMTZI

— No CPV
---No Direct CPV
E -« All CPV allowed
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CP violationin D® - h™h~

Belle
540 fb~1, D** - D7+, D% - hth™ [1]
_1(D° > K*K™) —t(D° - K*K")

Ar = —
F=I(D° > K*K~) —t(D° > K*K~)
= (0.01 + 0.30 + 0.15)%

BaBar

385.8fb~1, D*t - DOx™* [2]
Acp(KTK™) = (+0.00 + 0.34 + 0.13)%
Acp(mtn™) = (=0.24+0.52 + 0.22)%

468 fb~1, D*t - DOx*,D% - hth™ [3]
AY = (0.09 + 0.26 + 0.06)%

LHCb

29pb~t @7 TeV, D*t - D™ [4]

Ar(K*K™) = (=0.59 + 0.59 + 0.21)%

3fb™', B - D°u~v,X [5]
AAcp = (+0.14 £ 0.16 £ 0.08)%

Acp(K"K+) = (—0.06 + 0.15 + 0.10)%
Acp(mnt) = (—0.20 + 0.19 + 0.10)%

3fb™", B - D°u"v,X [6]
Ar(K~K*) = (—0.134 £ 0.077+5:528
Ar(r~n*) = (—0.092 + 0.145+3923

3fb~L D** - DOt [7]
AAcp = (—0.10 £+ 0.08 + 0.03)%

%
%

& 15F LHCb T haa -
2 a : D' SK K [6] — Linear fit
=2 10F & i+ 1o band]

Pull
|

-5 |
0 1000 2000 3000 4000 5000
t [fs]

[1] Phys. Rev. Lett. 98, 211803 (2007) (Belle)
[2] Phys. Rev. Lett. 100, 061803 (2007) (BaBar)
[3] Phys. Rev. D87, 012004 (2013) (BaBar)

[4] JHEP 04, 129 (2012) (LHCb)

[5] JHEP 07, 041 (2014) (LHCb)

[6] JHEP 04, 043 (2015) (LHCb)

[7] Phys. Rev. Lett. 116, 191601 (2016) (LHCb)
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An example: Dt — gtn(")

Belle PRL 107, 221801 (2011)
e 791 b1

. N(m*n) = 6476, N(*n') = 6023
Acp(mtn’) = (=012 + 112 + 0.17)%

—

%1500 4 1500
= >
e} [0
= =
= =
=1000 =1000f
= €
L} [}
> >
w I}
500/ 500
52 184 186 188 19 192 82 1.84 1.86 1.88 1.9 192
M(r'n) (GeV/c?)

M(r)) (GeV/c?)

Naive extrapolation:
e« Bellell@50ab 1:0 =0.15 %
e Superc-t@ 10ab1:0 =0.02 %

CLEO-c PRD 81, 052013 (2010)

« 0.818fb~! @ 3774 MeV, single tag

« N(m*tn) = 2940, N(n*n") = 1037
c,Clcp(nJ’n) =(—2.0+23+0.3)%

Acp(m*n’) = (-4.0 £ 3.4+ 0.3)%

v

240
D+— mt*n

200
160

120

600

400

80
40

200

3 1.83 1.85 1.87 1.8
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Direct CP violation in D° decays

Mode CLEO-c B factories LHCb
D° —» K~m* +0.3+ 0.3+ 0.6 [1] L Tracking and identification
D° > K n*n® | +0.1+0.3+0.4[1] asymmetry systematics
DO - K*m~mO ~0.6 + 53 [3] r CLEO-clL)
« K*: +0.8%
DO - K_ZTL'+T[_ +0.2 i 0.3 i 0.4 [1] . T[i: +0.3%
D - Kt2n—nm? —1.8+ 4.4 [3]
D° » t mntn® +0.31 + 0.41 + 0.17 [5] | Energy test [4]
[1] Phys. Rev. D81, 052013 (2010) (CLEO-c 818 pb~1) [4] Phys. Lett. B740, 158 (2015) (LHCb)
[2] Phys. Rev. D89, 072002 (2014) (CLEO-c 818 pb~1) [5] Phys. Rev. D78, 051102 (2008) (BaBar 385 fb™1)

[3] Phys. Rev. Lett. 95, 231801 (2005) (Belle 281 fb™1) 33



Direct CP violation in D* decays |

Mode CLEO-c B factories LHCb | LHCb 50 fb
DY > K mntm* —0.3+0.2 4+ 0.4 [1]
DY > K ntn*n® | =03+ 0.6+ 0.4[1]
Dt - K K*mt —0.1+09+04[1] +0.3740.30 £+ 0.15 [4] 5% 107>
Dt - Kdmt —1.14+0.64+0.2[1] | —0.36 £ 0.09 + 0.07 [3]
Dt - Kdntnm® —0.1+ 0.7+ 0.2 [1]
DY - Kdn*tn*tn~ | +40.0 £ 1.2+ 0.3 [1]
D* - utv, 8 + 8[2]
[1] Phys. Rev. D89, 072002 (2014) (CLEO-c 818 pb‘l) [4] Phys. Rev. D87, 052010 (2013) (BaBar 476 fb™1)

[2] Phys. Rev. D78, 052003 (2008) (CLEO-c 818 pb™1)
[3] Phys. Rev. Lett. 109, 021601 (2012) (Belle 977 fb~1)



Direct CP violation in D decays |

* the effects due to kaon system substracted

Mode CLEO-c [1] B factories LHCb
D, - K2K* 26+ 15406 —0.28 + 0.23 £+ 0.24* [2]
D; > K K*tm* —0.5 + 0.8 + 0.4 [2]
Ds » KQK*n® —1.6 + 0.6 + 1.1 [2]
Dy > KQKQm 3.1+52+0.6[2]
D; - K K*tn*n® | 0.0+2.7+1.2[2]
D; » KIK*ntm~ | —=5.7 £5.3+ 0.9 [2]
D; » KK mtnt | 41+2.7+09][2]
D, - ntntn*t —0.7 £ 3.0 +£ 0.8 [2]
Ds > uv +4.8 + 6.1 [3]

[1] Phys. Rev. D88, 032009 (2013) (CLEO-c 586 pb™! @ D} D)
[2] Phys. Rev. D87, 052012 (2013) (BaBar 469 fb™1)
[3] Phys. Rev. D79, 052001 (2009) (CLEO-c 600 pb™! @ D} D)



Direct CP violation in Dg decays |

* the effects due to kaon system substracted

Mode CLEO-c B factories LHCb
Ds » ntn%y’ —0.4+7.44+19[2]
Ds » K*mtm~ +4.5 + 4.8 + 0.6 [2]
D, - Kon*t 163+ 7.3+ 0.3][1] +0.3+ 2.0+ 0.3"[3]  +0.38+0.46 + 0.17 [4]
Ds; —» K*m? —26.6 +23.8 1+ 0.9 [1]
D; - K*n 9.3+ 152+ 09 [1]
D, - K*n' 6.0 £ 18.9 £ 0.9 [1]
D, -ty 1.1+ 3.0 £ 0.6 [2]
D, -» tn' —2.2+22+40.6[2]

[1] Phys. Rev. D81, 052013 (2010) (CLEO-c 0.586 pb™! @ D:D,)  [4] JHEP 1410, 025 (2014) (LHCb 3 fb~1)
[2] Phys. Rev. D88, 032009 (2013) (CLEO-c 0.586 pb™! @ D?Dy)
[3] Phys. Rev. D87, 052012 (2013) (BaBar 469 fb™1)



