mz DD mixing, CPV in charm sector, D decays

DE L ACCELERATEUR Selected results from experiments
E E

LHCD

Sergey Barsuk, LAL Orsay
Outline :  SrEE{EBEFHARY M 12
2 DD mixing: yc from lifetime difference, wrong sign D°—Kn
4 CP violation: D*—KK'm*, ¢7*, D' =>Ksh*, Do»mm*, D°—-KK*, D°—>4h
) Rare decays: D' leptonic decays, D°—K* m 7" 7, DO—p* -, Dy >t
Dy 1y y, DO 1 -

Results
from:

D Al i "
B LHCb so ongoing D
A AR QBge? AVY analyses in: w D@@

See also PIC 2012 reviews by E. Polycarpo and Y. Zheng




Introduction : DD mixing and CPV in charm sector

A Both flavour mixing and CP violation well-established in K and B sectors.
0 Charm is the unique up-type system, where these effects can occur.

O Mass eigenstates vs. flavour eigenstates : |D; ,> = p |D°> % q |D°>

QA In the limit of CP conservation p = q (correction of O(10-4) in the SM)

e_rt Ay Ay
O Decay becomes modulated by mixing : T(@ 2 +e 2} + 2cos Amt)
Y
= = cosh| —t
Mixed : D® — DO or D% — DO 0 (2 j

Unmixed : D% — DO or D% — DO

N(unmixed) —N(mixed) ., _ cos(Amt)

. (1) = =
A (1) N (unmixed) + N(mixed) COSh(AIt/2) ——————gusuareue
W
Mixing parameters: x=Am/T" ; y=AI/2T X,y ~
x: mixing frequency in units of lifetime W L
x>>1 rapid oscillation

x<<1 slow oscillation
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Introduction : DD mixing and CPV in charm sector

N(T)/N,

N/No |

051

Discovered in 1950s,
textbook to illustrate
QM effects

0.0

Observed in 1987,
first hint of the heavy
top quark

mixing probability: 1o mixing probability: 1o}
~ 50% 18%
K’ > K B — B,
r osfi il
X,y NO(].) x~1,y<<1 :
K| -
o o BY — By
KoK
2.0 4.0 T " on - 40 ....... _I_l =

mixing probability:
~50%
0 50
B, — B,
0 0
B, — B,

x> 1,
y ~O(0.1)

1.0

05F

mixing probability:
~ 106

D% —» D°

xy<«1

Observed in 2006,
rapid oscillations
- high decay time

resolution required

0.0 2.0 4.0
T

Observed in 2007,
tiny effect > large
samples and clean
detection/ID required

O Unlike By -mesons, no strong heavy (1) quark contribution to the box diagram,
contribution from b-quark suppressed by A1 by the CKM matrix elements |

Q Non-perturbative long-range effects more
difficult to calculate, typically 10-3 with large

unc

ertainty

e.g. Falk,6rossman,Ligeti,Nir,Petrov

PRD 69 114021

QDD mixing well-established, but until 2013 no single 5o result.
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Introduction : DD mixing and CPV in charm sector

Three types of CPV

O Direct CPV between tree and penguin diagram - CSD (charged and neutral)
expected to be up to few x O(10-3) in the SM

A¢ = <f|H|D>, K;:<¥|HIB>, | Z,:/ Al 21

Study:
- asymmetries in 2-body SCS decays
- asymmeftries across the phase space in multi-body decays

Q CPV in mixing (neutral)
Ipl #Ilq] or weak phase ¢ = arg(q/p) # O
expected to be O(10-4) in the SM
Q CPV in interference between the decay to final state 7 with and without
mixing > common final state (neutral)
arg(q/p A/A;) 2 0

SM: single CP-violating phase = strong predictive power for CP asymmetries !

Charm decays, mixing, CPV PIC 2013, IHEP-Beijing, 07.09.13 SB 4




Introduction

The Cabibbo-Kobayashi-Maskawa

: DD mixing and CPV in charm secto
in Wolfenstein

elements relevant for charm sector

CS D decays,

Verm =

V,, enters via loops

—

1= =18

A

AN -p-in)  1=N2-M(1+447)8

Ao -in)

TN

DD-mixing

Vud Vus vub u
Vcd Vcs Vcb = C
th VtS th f

d

AX(T-p-in) + Ao+ 2 AN+ AR(L2-p-in) 1- A2

S

b

parametrization

+0(V°)

n - CP-violating phase

SM: DCPV of O(1%) in charm decays could signal new physics !

-rm decays, mixing, CPV

PIC 2013, IHEP=Beijing, 07.09.13
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Introduction : DD mixing and CPV in charm sector

Examples of exercises / homework from theory to experiment
Grossman, Nir, Perez, PRL 103 (2009) 071602

1. If CPV is small, sin ¢ « 1 (valid for D system) : y/x = 1 - lq/pl
If violated, New Physics contributes to direct CPV. tan ¢

For review see e.g. Grossman, Kagan, Nir, PRD 75 (2007) 036008
2. In the absence of direct CPV from NP, the CP asymmetries in CSD into final CP

eigenstates are universal.
In SM: (ag - a. )Y(a +a_) ~10-3 > Check
3. Separate direct vs. indirect CPV in CSD using time-integrated CP asymmetry
measurements.
Assuming negligible new CPV in CAD and DCSD, time-integrated CP asymmetry
in CAD to CP eigenstate - universal indirect CP asymmetry.
Subtract it from time-integrated CP asymmetry in CSD to CP eigenstate
- non-universal direct CP asymmetry

4. Non-vanishing CP asymmetry in charged D decays - direct CPV.
Charm decays, mixing, CPV PIC 2013, IHEP-Beijing, 07.09.13 SB 6
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Players in the charm sector

e+e- colliders
[ B-factories : BaBar, BELLE, operating at Y(4S) energies
0 Secondary charm from B-decays, o(BB) ~ 1.1 nb, > 10° BB pairs
O Continuum production, a(cc) ~ 1.3 nb, > 10° charm hadron pairs
0 DD-factories, quantum correlations at DD threshold :

J CLEO-c Data scan around charmonium production, y(2S) — DD,
0 now BES Clean data samples, beam energy constraint can be used

Simple signature for CP violation: l//(3770)—) D°D° - (CP1)(CPZ)
Also key ingredient for b-sector measurements

JLdt~0.8 fb! few x107 y(2S) decays available at CLEO-c

JLdt~2.9 fb-!, 21 M D° produced at BES IITI, sample 2010-2011
arXiv 1307.2022

arXiv 1207.1171 BESIII Preliminary
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Players in the charm sector

Hadronic machines (challenging environment !): pp or pp colliders
O TEVATRON : CDF, DO
Q LHC : LHCb

> High cross-section CDF at small rapidities,
forward LHCb geometry, o(cC) yicp 7 1ev ~ 1400 pb

Nucl.Phys.B 871(2013), 1

> ~350M reconstructed charm decays in fLdt~1 fb-! (2011),

trigger limited |
> High boost, D° flies ~3 mm before decaying
- IP resolution for pr>2 GeV/c
CDF II (35 um), LHCb (22 pm)
- Clean sample due to precise tracking, vertexing and powerful PID

N‘S"uooo "3"""'O.O3fb'1=1/100 '%"

= 12000 1 of actual statistics | ¢ LHCb L H C b

: | Tuwk ]l LG\

= ~ 1200 [ ¢

.g % 1000 . ‘ D**->Do(K K*)n"*

0 uJ z:z P JHEP 04 (2012) 129
‘;gg 2010 data, 0.03 b
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Mixing via D° lifetime difference

[CP=+ «+ f‘CP=+
U Measure yep = -1

2T

comparing life‘rin?e)of )
D° — K- K*and D° — 1~ m* (CP=+), |
and D°— Km (mixture of CP=+ and CP=-)

Entries / ( 60 {s)

[ Assuming no CPV, measures directly y, and not x',y’

PRD 87,012004 (2013)

Yep = (0.72 £0.18 £ 0.12)%

[ Most precise single measurement to date.

No mixing hypothesis
excluded at 3.30.

Charm decays, mixing, CPV
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Wrong sign D° — K1t decay rate

Time-dependent "wrong-sign" decay rates:
cocktail of mixing and DCS decay amplitudes
in about equal portions according to your taste.

Wrong Sign Right Sign
DCS CE
- Right Sign CF domi -
DO K +7T -D 0 the R%r:tSig;;nn dec:;n.'clnma;ﬁtsude K ﬂ-+

Mix CF Mix DCS
DO —

Assuming |Xx|,|y|«1 and CP conservation,
Wrong sign: dN, /dt~eTt x [ (x'2+y'2)/2.T2t2/2 + D2, g+ Dpcg- Yy - Tt ]

mixing DCsSD interference
Ratio: N, /N (t) = (x'24+y’'2)/2 .T2t2/2 +¥RD + VRp.y' . Tt

Y
vanishes for SL decays

A(K- ) | _ N
—— = VRp e, - strong phase between A and A
A(K ) y =y cosd-xsind 2,
X' = X cos & + y sin & —> X5y
Charm decays, mixing, CPV PIC 2013, IHEP-Beijing, 07.09.13 SB 11
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LHCb wrong sign D° — K1r decay rate
9 sig Y LHCD

O Use prompt D** — D° mg* PRL 110 (2013) 101802 |
: o 2011 data, 1 b
O Charge of soft pion tags the initial flavor of the De.

[ D° and m¢* required to form a vertex constrained to PV.

; D** > "D (K* n°) ng*

D** - "D°" (K- n*) ng*

x10° x10
T Ty 3 T o] 7 0 Background of
e F LHCb | e« RSdata E = [ LHCD # + WSdata 1 WS data dominated
= A + —Fit ¥ & 8 L — p
bl 1 = Y 1 by real D°and a
= 08F l. B Background 5 . +| ‘. B Background A Y
S | 1 5 F ¢ 4 random pion.
- 17\ 8.4x10° 7 £ pon.
% 04f t’ f candidates 4 % O Contamination
8 I 1 & 0

of /i A\ | ! R reduced by IP cuts

2.005 2.01 2.0|15 2.02 2.005 2.01 2.015 2.02 0 +

M (D°ry) [GeV/e?] M®D) [Geviey] O De and 7.

0 RS and WS yields determined in D° decay time bins
O Doubly misidentified RS events contribution to WS signal : (0.4 + 0.2)%
O Residual contamination from secondary D° from b-decays : (2.7 + 0.2)%

"Charm decays, mixing, CPV PIC 2013, IHEP=Beijing, 07.09.13 sB 12



LHCb: wrong sign D° — K1t decay rate I LH Cb ‘

. PRL 110 (2013) 101802 m
s 7§_<,10,,|,,, — Ty g :—.TZOJJdafa,Jfb'-’ :
-« Data 1 s 2B WS LHCh
6.5F — Mixing fit ER N 5
65 ~—No-mixing fit < 1.5F z
5.5¢ L = 1E ]
g § F 56 :
4.5 = 0.5¢ o
e : S 36 o ]
4 . e of —lo S
335 LHCDb = .+ No-mixing ]
3F | | | c 0.5p —
oy B ) P L |/ /1 g5 AR NN TR TN TN TR AT TN TN N SO NN RN SN SN S NN
0 2 4 6 20 -0.1 -0.05 0 0.05
t/t x’” [%]
Fit type Parameter  Fit result (107°)
Mixing Rp 3.52+0.156
y' 1.21+24
%= —0.0940.13 No mixing hypothesis
No mixing Rp 4.25+ 0.04 excluded at > 9o.

"Charm decays, mixing, CPV PIC 2013, IHEP=Beijing, 07.09.13 sB 13



CDF: wrong sigh D° — K1t decay rate

0 Same technique CDF NOTE 10990 (2013)

Q Charge of soft pion tags the initial flavor of the De. 9.61b7
0 Wrong sign: D**— "D°" (K* ") mg*

%102 CDF Run Il preliminary L= 9.6 fb"

CDF Run Il preliminary L=9.6 fb k

9

- .. 5
8k Mixing fit :‘_;
- Prompt fit projection 20+
0 — %
[ ] ::Stfit
+ No mixing
x? (10%)
Rp(107%) %/ (107%)  2*(107°) o no mixing Ay, mixing hypothesis
3.01 03> 43x43 0.08x0.18 0.1 excluded at > 60.

Charm decays, mixing, CPV PIC 2013, IHEP-Beijing, 07.09.13 SB 14



D°De mixing : HFAG averages

http://www.slac.stanford.edu/xorg/hfag/charm

g 1 . 5 HFAG-charm
>

April 2013

no CPV

—
T | T T T

0.5

ho rnixiéng

0 >0

x> = (0.49

~0.5 <y> = (0.66 + 0.09)% |

+0.17
-0.18

)%

Bio
20
3o
4c

W50

05 0 05

1

1.5
X ("’/o)

Wrong sign D° —» Kn latest results

-n decays, mixing, CPV

0.5

g 1 .5 HFAG-charm
> :

April 2013

no_mixing

\

CPV allowed

-
y
28 .
lli )

A
!

0 :
- : Bic
L - +0.17 o o
e = (049 31T Y% | 20
s |<y> = (0.74%0.09% o
L e TR T — 850
-0.5 (I) 0.[5 “I 1.5
x (%)
RD (103) y' (103) X2 (103)
LHCb 352+015 7.2+24 -0.09+0.13
+4.0 +0.21
Belle  3.64+017 067, 01877,
BaBar 3.03+0.19 9.7x54 -0.22 +0.37
CDF 351+035 43+43 0.08+0.18

PIC 2013, IHEP=Beijing, 07.09.13 sB 15



DeDe mixing : HFAG average evolu’ri—

http://www.slac.stanford.edu/xorg/hfag/charm

2008 2013
g no CPV — ""; 1.5 April 2013 _ML
> 9 FEPCP oo | g — / : 1
150
1 __ ..........
0.5
o })—e i
- | - B 20
L B 36
-11_— | 1 i 11 | 11 i 11 11 L1 11 _OIE# ) | | | | | | | | 1 | | | | I‘.;(;
-1 05 0 05 e = -0.5 0 0.5 1 1.5
x (%) X (%)

-ecays, mixing, CPV

PIC 2013, - 07.09.13




Search for CPV in charm _




o]
5

'BABAR

PRD 87,052010 (2013)

d Asymmetry in total rate:

Acp

_[(D° > f) - (D° 1)

Search for direct CPV in D* > _

(D - f) + [(D° - f)

Normalized residuals of the O Dalitz plots

— = =
II’N)\\FPI\IO\\I@II\J

m3(K 1) (GeV?/c?)

o O
N oo

in equally populated intervals

[
T

1 15 2

25 3
m3(K*K) (GeV?/c?)
, mixing, CPV

‘320000_—'""""""""'—
> 223 x10°
= [ ;
= s000lCANdidates B
T i
}2‘“ 476 fb!
€ 10000 -
d, -
>
(1T
5000 —
- E(—signal—)i
0 1 I 1 l Lo ;'___I-------\.---i--__l-l 1 ] 1 l 1
1.82 1.84 1.86 1.88 1.9 1.92
m(K*'K'tt) GeV/c?

Dalitz plot:

-1

0 Model-independent search over the

p-value = 72% for no CPV

0 Model-dependent search (simultaneous
fit to the D* and D- Dalitz plots):

no indication of CPV in relative
phases and magnitudes

A = (0.37 £ 0.30 £ 0.15)%

PIC 2013, IHEP=Beijing, 07.09.13
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Search for CPV in D5 — Ks° h*

Q Similar diagrams for D* — Ks° K* and D° — K- K* :
O Penguin contribution may be enhanced by NP §< K

C

d D* —» Ko m* : direct CPV allowed D (DY) B
from interference between CF and  d(w) 2 d(u)
DCS amplitudes, negligible in SM.
p glig o Sy N
d Dt — Ko m* : similar diagrams D+ (DY) \%< 7
fo b7 = Ks* K . 7 KO(KT)

d(u) 4 ()

Q The CP asymmetry in D" — Ks° h* accounts also for the KeKe mixing:
Ab(s)“_’Ksoh+ _ F(D(S)" —> |—<° h+) F(E" " T[_) - l_(D(s)' — K° h_) r(Ko " T[_)
* MOy — Ko h) F(Ke —» m 1) + F(Dy — Ko h) (Ko — 7" 1)

D(s)+—)E°h+ Ke _
Acp + Agp ., Dyokeht
= [ + _0 ~ A CP

Ko
+ Agp

SB 19



Search for CPV in D5 — Ks° h*
0 A obtained from the asymmetry in signal yields :
AD(S)‘“—>K5°h* _ N(D(s)+) - N(D(s)_) _ AD(S)*—>K5°h* Deey* K* Ke

raw - CcP + AFB + ADeT + ADeT
N(D(s)+) + N(D(s)_)

1 Detector-induced asymmetries determined by a data-driven method :

Forward-backward asymmetry Ag; is an odd function of cos 6*
Dy’ 1 Keoh® N Keoh® .
Arg = 5 [A.g, (+Ccos0™y)-A.,, (-coso*y)]
¢
Ap.+ determined from the CF (no CPV) D° —» K- m* and D.;* — ¢ m* decays,
assuming Apg = Apg
Do—K-n* De K* "
Ar'aw - AFB + ADeT + ADe‘r

Ds+_>¢“_+ _ D(s)+ ‘l'l'+
A raw = A FB + A Det

Detection asymmetry (BELLE) due to difference in interactions with matter for
K° and K estimated numerically : AKO ~ 0 1%
Det ™ V.1 /0

B.R. Ko, E. Won, B. Golob, P. Pakhlov, PRD 84 (2011) 111501



-0.005 |

-0.01

-0.015
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-

Search for CPV in D5 — Ks° h*

JHEP 02 (2013) 098

Belle IT 977 fb!
D* - KoK

I =m0 0

_ 2.8x10° candidates

" Agp(D*—>KK*) =
L - (+0.08 + 0.28 + 0.14)%

D+ —> Kso T

_ 17.4x10° candidates

i_ ACP(D*.—)@ L +) =
" - (-0.024 £ 0.094 £ 0.067)%

i | l | | | | | | |

0.0 0.2 0.4 0.6 0.8 1.0

|cos ©*;|

Z: PRL 109 (2012) 021601

_PRD 87 (2

469 b

013) 052012

SYBABAR

__1 6x105 candldates
_)LACP(D*—>K°K*) =
= (+0.46 i—0.36_i 0.25)%

D*—)K |<+

o5 I -
aF E
’-0\ 1(;— TR ! I I T =
T EDS - Ks :
< ¢t :
O 4
_55_ | ————— _f
_10f- 0.14x10° candidates — 1 =
155 Ag(Dy—Ke T *) = =
-20f = (+0.3 £ 2.0 £0.3)% =
- T T T
00 02 04 06 08 10
|cos ©*|

Q CPV (charm only !) compatible with zero in all the three decay modes.

SB 21



Search for direct CPV in D* - ¢ m and Dt —> K° 1t LH
Q Look for direct CPV in the ¢ region ~ JHEP 1306 (2013) 112

of the D* - KK*r* Dalitz plot : 2011 data, 1 b
D> ¢m _ D'—> ¢ m* D*—> K¢ m* Ko-Ko
ACP Ar‘aw - Ar‘aw T ACP -
= LOSE =)
O A complementary observable, > 1'075_ 8
oy . EI.OG:— T[v‘-—_.a
sensitive to asymmetries that = ek 2
change sign (according to the strong i Lo4F 073
phase variation along the ¢ band, & LO3E D |
1.00 GeV/c? < M(K'K") < 1.04 GeV/c?) *F
e F Simulation

- 1 A C B D 1' MR PIR LLJV TC
ACP|5 -2 [ Ar'aw + Araw - Araw - Araw ] 1 12 1.4 1.6 1.8
m? (K'n*) [GeV¥c4]

d A concurrent measurement : correction for CPV in neutral
ADoK ADoK ADIm A Ke-Ke kaon system, (-0.028 + 0.028)%
cP raw raw CcP PLB 718 (2013) 902

O Analysis in 12 bins of p+, h

Charm decays, mixing, CPV PIC 2013, IHEP-Beijing, 07.09.13 SB 22



Candidates / (MeV/c?)

Candidates / (MeV/c?)

Search for direct CPV in D* — ¢ T and D.;* — K-LHCb

JHEP 1306 (2013) 112 |

T T T LY |

T [T 2011 data, 1 b
1°F ey D" — ¢m @) ﬁ 1°F 1acy Dy > ¢m ] 7
12 S — signal
10* :/ 10*E ) .
L — combinatorial
‘ = | background
e 5 P L & ¥ % ... background from
e O . N — - Ds® > ¢m'me
10: 5 102 : i _
il D-;"'.'..'. TR | Dlt- . 1 gt 5 el D'L PP || .DS. FRSTE: PPN 6 + +
1850 19‘00 1950 2000 1850 1900 1950 2000 16 X 10 D — (I) n
on” mass [MeV/c2] om mass [MeV/c2] 3.0 x 106 Ds+ —> ¢ T
b + + E E:J : - - E ------ signal
10%E D(s) — KS.'r - E 10°E D(S) — Ks‘" . 9
: = i i _—— combinatorial
[ g T background
10°E g 10
- = FE &£ X A 71 ... background from
: 5 - Sk | S D s+ > K51T+1T°,
e Lo D+ . 1 DS— bl : T N .D_. M| dd | D; [ 6 + +
1800 1850 1900 1950 2000 1800 1850 1900 1950 2000 11 X 10 D — KS n
Kgn" mass [MeV/c?2] Kgn' mass [MeV/c2] 2.H x 104 D s* - KS T+
Ap (D'>¢m) =(-004+0.14+0.13)%
Apis(D*—> o)  =(-0.18 £0.17 £ 0.18)% > No evidence for CPV

Acp (Ds+—> Ks° m) = (+0.61+0.83 £0.13)% SB 23'



Search for time-integrated CPV in D° — K" K*and D° — 1 11 : D* tag

[ Time-dependent CP asymmetry for D° decays to a CP eigenstate 7:
r(de - f)- M(D° - f)

Aco (F 1) = . % agg (F) + 1/7 agp
Fr(D°— f)+ (D° — f) A universal to a good

approximation
AAgp = Ap (K K) - Agp (T ) = C‘gliDr(K' K*) - C‘Cég (- 1) + Act>/7 Gigg

difference in

: d ti
d Tag De flavour using prompt D**— D° m¢* GYErEge SeEy TEHe

N(D** — D° ms*) - N(D*- - D° ms)

Araw () = =
N(D** — D° mg*) + N(D*- — D° m5)

Q To first order A (f) = Agp (f) + Ap (f) + Ap (T157) + Ap (D*)

A Ay (K K)= Ay (m ) =0, Ay (Ts*) and Ap (D**) independent of 7
2> AACP = Araw (K— K+) - Ar'aw (T(' 1T+)

Charm decays, mixing, CPV PIC 2013, IHEP-Beijing, 07.09.13 SB 24



Search for time-integrated CPV in D° — K" K*and D° — 1 11 : D* tag

Status of measurements by the end of 2012

EXp. Ref. AAp (%)

LHCDb PRL 108 (2012) 111602 -0.82+£0.21 £0.11
CDF PRL 109 (2012) 111801 -0.62 £0.21 £0.10
BELLE arxiv:1212.1975 (prelim.) -0.87 £ 0.41 £ 0.06
BaBar PRL 100 (2008) 061803 +0.24 + 0.62 £ 0.26

Agreement with no CP violation: CL = 2.0 x 10-°

O BaBar, BELLE and CDF also quoted individual asymmetries for D° — K- K*
and D° — m m* channels with partially cancelled systematics in the ratio.

O LHCb update 2013

b LHCb-CONF-2013-003 2.2 x 106 Do — K- K*

LI‘{C\ 0.7 x10® D° > 1 m*

2011 data, 1 b
e A <t>/1 = (11.19 £ 0.13 + 0.17)%

Charm decays, mixing, CPV PIC 2013, IHEP-Beijing, 07.09.13 SB 25



AA_ : tag D° via prompt D**, LHCb update 2013

O Fiducial cuts to exclude kinematic regions  LHCb-CONF-2013-003
with large m¢* detection asymmetry. 2011 data, 1 b

LEHCD

O IP cut to reduce contamination from D° originated from b-hadron decays.
O Constrain the D** vertex to match the PV improves AM resolution.

O Data divided into several disjoint samples (magnet polarity, hardware trigger).
O Signal yields extracted from a fit to AM = M(h- h* *) - M(h- h*) - M(T*)

O Weighting to account for differences in kinematics of two final states,
needed for proper cancellation of production and detection asymmetries

S
source Uncertainty(%) < ogE LHCD =
Fiducial cut 0.02 T R E
Peaking Background 0.04 o { L3 , E
Fit model 0.03 20,01 % e i
Multiple candidates 0.01 002 E | 3
Weighting 0.01 003E [ 3

Soft pion 'P\"’ 0.08 004E [ E
Total 0.10 -0.05 — —
T T

" Soft pion IPy?

AA, = (-0.34 £ 0.15 £ 0.10)%
Charm decays, mixing, CPV PIC 2013, IHEP-Beijing, 07.09.13 SB 26




AA_ : tag D° via semileptonic b-decays

[ Tag D° flavour using muon signinb — D° p X

( Statistically independent from the prompt D* sample.
O Lower rate vs. higher trigger efficiency.

A Different trigger composition and systematics.

F(D° — f) e(u) P(D°) - F(D° — f) e(u*) P(D°)
F(D° — f) g(p) P(D°) + I'(5° — f) e(y*) P(5°)

AACP - Ar'aw (K_ K+) - Ar'aw (T[' T(+) ~ ACP (K_ K+) - ACP (TT’ T[+)

Ar‘aw - ~ Acpf + IADLl + APB

PLB 723 (2013) 33
2011 data, 1 b

LHCD
- %

A<t>/t=(18+0.7)%

30000F @ 2 e

- LHCb (b)
D -mm ]
~=- Signal 3
[ Background

25000

o
(=)
o

>

—
<
o
(=] =

Candidates { (64 {s)

Candidates { (6
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AAc : tag De via semileptonic b-decays

56x105 D° - K K 22x105 D° - m PLB 723 (2013) 33
2011 data, 1 fb!

LHCD

% SUUUT \Iaonet up LHCb (@) -: % q0 I\‘Taz'let P LHCb (b)

ﬁ 60005» -»-Data _ § - ~-Data

= - — Total 1] = - — Total .

ST - Signal ] = 2000 A - Signal O Raw asymme’rmes froma
Z : MiComb.bkz. | = ¢ B Comb. bkg. . .

: 5 o \mo_r- ] simultaneous fit of four
S : data subsets

R e svat B o et it i
: 1850 . 1800 1850 w2 ey Weighting to account for
———— differences in kinematics of

210000:- Wgpdonm LH}S C o ;: _—~ Magnetdona b I'H; 1: (d) 1 two final states,

Z | v g A 1 ~k= ] needed for proper cancellation
£ it | oy 1 of pr*oduciruon and detection

2 '- | asymmetries

éﬂ""""""""‘"‘“‘l"”"“*-’r’ "‘r""‘"“‘lr '-1"-’1- r-—‘ﬁwﬁw
Pl L S = Q Flavor tagging validated on

ME E7) MeVic] HTTT; [MeVie?] da.l_a

o C“

b - Doy X AAg = (+0.49 + 0.30 + 0.14)%

PLB 723 (2013) 33 AAgp = (-0.15 £ 0.16)%

* AA,, = (-0.34 £ 0.15 £ 0.10)%
Prompt EHCb-CONF—ZOlS-OOC:; No evidence for CPV
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Multi-body D° decays : D° > K K* m m*, D° > m m* m m*

0 Majority of D° non-CP eigenstates are resonances.
- Dalitz-plot like techniques allow to sum up several resonances
- Increased statistics
- Extract information about strong phase
0 Many resonances in D° - K- K* n= n*: D° —> ¢ p, K;(1270)* K7
K*(1410)* K¥, ...
and D° > - w*w w*: D° > pp, q;(1260) K-, ...

[ Tree and penguin CS amplitudes

O Look for direct CPV in regions of 4-body phase space - 5 combinations
of 2- and 3-body invariant mass squared

O Multi-dimensional analysis in future, D° — (1, 2, 3, 4) : s(1, 2), s(2, 3),
s(3,4),s(1, 2, 3),s(2, 3,4

d Use prompt sample D** — D° mg*

A No direct CPV assumed in D° —» K- " *, use as control channel
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Multi-body D° decays : D° » K K* 1 1%, D° > _
LHCD Y ys + DO > T

[ Use prompt sample
D**— D° mg*

O Tag De° flavour using mg

[ Signal extraction via
sPlot technique

Q Fit (m, Am) plane

to extract sWeights,

Candidates/(

8000

6000

Candidates/(2 MeV/c?)
5
=3

2000

(m(D), Am = m(D T[S+) - m(D};)oooo

-rm decays, mixing, CPV
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(=)
(=
(=]
(=]
o
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«

20000
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40000

arxiv:1308.3189 (2013) ———

)
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s/(0.2 MeV/c?)

@]
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B —+— Data §
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:DDo—eﬂ"n'ﬂ‘n' =
S
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- @
i . Combinatorial D
- o } ﬂ—
1 =
1 ©
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mlm mtmt ) INMaV/A21
— . — —
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L ©
L I:]D0—> K n*mn~ =
L IS
—! Random soft pion __
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(]
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1850

9
{

1900
m(K m*mtn) [MeVic?]
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Entries / 0.5

Multi-body D° decays : D° > K Kt m, D° > m ' m 1t
! . rXiv:1308.3189 (2013 LHCb
O Miranda method: signicance in equally arAlv. ( )

populated bins of 5D phase space : 2011 data, 1 fb* m

sép - N;(D°) - a Ny(D°) q 2, Ny(D?)
Va (o2 (D) - 02 (D)) = N,(D?)

& No CPV = Gaussian distribution

De 5> Do - K Kt 1

Entries/ 0.5
Entries / 0.5

20;

Consistent with no CPV No evidence for
local asymmetries
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http://www.slac.stanford.edu/xorg/hfag/charm
0.02

Ao A R
5P = -.\ ——
<1 0.015 ‘xdw ‘
{555 AAcp LHCb prompt prel
0.01 EE 3k ek
I (NSNS A, BaBar
0.005 , 7] A, Belle prel.
-0.005 |- =
0.01} ek
-0.015 |- N
_o 02 : | R | \x \\J A T S
-0. 02 -0 015 -0 01 -0.005 O 0005 001 0015 002

ind
aP

Data consistent with no CPV at CL = 2.1%

Aacy= (-0.329 + 0.121)%, are= (-0.010 + 0.162)%

No evidence (yet) of CPV in D sector
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Charm decays: selected results _
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O Inclusive counting of D,
O e'e” > € > Dygg Kirag Xfrgg Ds™ D™ — D7y
492 + 26 candidates

Events / ( 0.01 GeV?/c*)
o B @ S

Pull
& o v

—— 8 candidates observed

D.* leptonic decays

arXiv:1307.6240 (2013) L <llf A

913 fb! Belle I
2217 + 83 candidates ——

s Dt — e'v,
0 87+O9+0865T|ma‘red
- backgro?nd

M2 (D KiraXir g,'e) (GeVZIc)

D

D, - 1*(e*)v,

TSlgnaI T
and cross- feed

M2, (D KiragX g/u) (GeVzlc)

U

BR(D. — e-v,) < 0.83 x 10 @ 90% CL| (107 in SM)5*

Eec, (GeV)

most stringent UL

N
(=
=]

BR(D;* —» p*v,) =(5.31+0.28 +0.20) 103
BR(D,* —» T1*v,) = (.70 £0.21 23 ) 103

Events / ( 0.05

back

combinatorial T
ground

Dt = T (W*)v,

-0.30

T/U -0.53

Lepton flavour universality:
R%5,7 1073 £ 0.69 727 | SM: R = 9.762 + 0.031

D.* decay constant, single most precise measurement:

Eec, (GeV)

D — 1 (n*)v,

Ds>f contribution

Events-f'l'o.os GeV)
Z

foge = (2555 4.2, + 4.8, + 1.8, ) MeV e

No more tension with unquenched LQCD :

fo,r = (248 + 2.5) MeV

PRD 82 (2010) 114504




Wrong sign D° —» K'nm*m- decay D>
 Important for mixing studies arXiv:1307.5935 (2013) @
4 Rws = lbesp/Tcap = (X’2+Y'2)/2 + Rp+a.y'. \/RD 791 b SEID1

Fit projections
DK n*n n* DoK' w*

%105;‘ [ Wrong-sign ratio, the most
gmigbroken charm precise measurement to date:
S fand uds bgrd
el T T [Rys = (0.324 £ 0.008 + 0.007)%
ﬂ T Ve, N |
P AP e By combining Ry, with (x,y) from
HFAG and aand J from CLEO PRD
ST 0" 0.002 0,004 0.006 0.008 0.01 80 (2009) 031105, DESD to CAD
My, (GeVic?) Q(GeVic) ratio:
Do-s>K*n n*n- Do-K*n n*n-
1000 - combinatorial f Ry = (0.327 +0.019 )%
800 - bgrd ” -0.016

|III

 Using PDG value for CAD,
////////// BR(D°—=K*n n*n") =

|-
i Noce oo | M ol Mo = (2.61 £0.06 302 ) x 10-*

F
(=]
[=]

L
-&,u‘nmo
AT | R | T TR T T T T T T ST T 4
L = L

Events / (0.0011 GeV/c?)
N [+2]
S 8

I
,,,,,,,
i\,

ik 3kl FINETITR N  PDG: (2,61 102 ) x 104
1.85 1.9 5 0 0.002 0.004 0.006 0.008 0.01 -0.19
M, (GeVic?) Q (GeV/c?) SB 35




Rare decay D° — p* - LHCb

0 SM prediction: 1013 - 10-1 PLB 725 (2013) 16 [ D)
g pt 2011 data, 0.9 b

120 -
100

L

Candidates / (0.5 MeV/c?)

T -
40 3 +++ :
20 __+’ + D** » Do(_) Tl'+1't_)1'l'+_'
¥ 75, D o> Do wK
Wl L N " a1 Ve M M 1 M M M
0140 145 150

2
A m,., [MeV/c?]

0 Use D from D** — Do (> pp)ng
Q 2D fit
m(u ) vs. Am = m(p* - ") - m(pt )

Candidates / (10 MeV/c?)

O Most stringent (20 times better than
previous) UL : 0 sk

BR(D® —» p* ) < 7.6 x 102 @ 95% CL

.
SO
L M | e

l]900I — .1950. — .2000
my., [MeV/c?]

1850
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Rare decays D5y = T u* 7, Digy* — m p* p*
LHCD
0 In SM, FCNC's BR could reach 10-° PLB 724 (2013) 203 RRALIOAN
2011 data, 1 b

box S ” penguin pt annihilation o
diagram W L diagram Z[_< . diagram S

WS W s : 7 s
, C — g W p c - A . u . , c 1 .:::- 1
pEs o ope{ AW }—+ D;le \\ |
“d a’ ‘3 - a’ las " w+ 1
Q NP may increase BR ; “;C(’W [ ele | high M(uy)
My
to ~10-8

PRD 83 (2011) 114006

O Probe NP in regions not
clouded by resonances

O Check n, p/®, ¢ regions

B 7T R T —T T
M(pp) [GeV/c?]

o e o e
Lol £ ]
" . = F % LHCb -
for positive signals,and 2 1o A :
. . v 8F | E
normalization > | E

¥ F :!«
= 4 : a8 E
= E T \ ]
S 2 - / ) . A =

i 9\(')-"' 2000 N R ™
1850 1900 1950 . 2000

m(u W) [MeV/e?] m(r W) [MeV/e?]



Rare decays D" = T u* 7, Dy — m p* pt

K Probe NP in regions not clouded by resonances

Low 1

b high M(pp)
0 ET M(pp)

p/®

M B P I T I BRI S B PR B I |
200 400 600 800 1000 1200 1400 600 1800

g(uu [GeV/c2]

PLB 724 (2013) 203
2011 data, 1 fb!

LHCb

Q Search for D¢y —»ny
same sigh muons

O Lepton number violation
via non-SM particle,

e.g. Majorana neutrino

Upper limits, @ 90(95)% CL

BR(D* —» wp*y*)

< 2.2 (2.5) x 10-8
BR(D,* —» my*y*)

<12 (14) x 108

O New world best limits

(AN VA INRE
> 30 |(a) LHCb 1 =
- ]l cpmbinatorial bgrd 1 =
= 20w peaking bgrd{ =
_5% THE Ds*—n*nn*] § Sk ”
Pl g f
0- m 1960 14501, 2000 1900 1950 | 2000
(T W) [MeV/ie?] th(T W) [MeV/ed]
Upper limits BR(D)* — n* p* p-), x 10-8 @ 90(95)% CL
2.0 (2.5) 6.9 (7.7) 2.6 (2.9) 16.0 (18.6)
Total: |BR(D* —» w*p*p’) < 7.3 (8.3) x 10-8 @ 90(95)% CL

BR(D,* > m*y*p)< 41 (48) x 10-8 @ 90(95)% CL

(x 50 compared to
previous results)




Rare decay D° —» m* 1 p* -
d In SM, FCNC's BR could reach 10-° L HCb-PAPER-2013-50

penguin W box W 2011 data, 1 fb!
diagram A//Zgr_’< - diagram / / ata 17

LHCb

W+ W (I

c : c u ¢ =2 S~ 4
- { AwS }W+ - { ) i }7# ~ r low m(u* g-) mass region ———
i {/’- d = l/’ d ; 5 E 250 < m(utp) < 525 MeV/c2 LLHCD A3
{ [5) : S- -
\\ d } ﬂ.- \ d } _ E , 2 r'_i":'_n Preliminary _;
_ . = L misidentified ]
= h % 3p[ Combinatorial Arn A
L background . ]
Q Use D° from D** — D° (- m* t p* p) 1’ 3 Total i signgl
S ] 1 2+2 -
Q2D fit: St Z ‘ -

m(m ) vs. Am = m(mrmpty mgt) - m(mrmpty-

140 145 150

in each m(w U_) bin - ¢ m(u* g~-) mass region , high m(u* u-) mass region —
S 45 - P y ) N . ; ) N =
D D° N T[+ 1T- (l_l+ “_)(I) i . 950 < m(u*w) < 1100 MeV/e2 LH(/b " m(uw) > 1100 MeV/e? 1LHCDH _E
! : = 35 Preliminary Preliminary 3
normalization © 5 =
o) 3 3
channel 3 2 Am 3 Am 3
5 signal { 3 i signal
2 b > 3+2 3
S 10 3
s 1

V46 B TR T T 145 150

Am - [MeV/c?] Am, v, [MeV/c?]

Q(BR(D° » n*wpu) < 7.4 x 107 @ 90% CL| (x 70 improvement)
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Summary

J Impressive progress over the last years, thanks to the efforts of many
experiments

J Huge samples of high quality data from both e+e- and hadronic machines
available

J Low background (even at hadron machines l) in many charm rare decays
searches - continuously improving sensitivities

) Charm mixing is well established : x ~y (~ few x 10-3) as suggested by
Standard Model, now precise single measurements |

- Search for CPV in charm sector yields an imprortant test of SM, large
values would unambiguously point to the New Physics
contribution

) Sensitivity of the CP tests in charm sector
will soon approach SM tolerated values

 New delicious 2012 sample of 2 fb!
from LHCb is being explored (statistics x 3 1)

J SuperBELLE and upgraded LHCb: new players

to come
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http://www.slac.stanford.edu/xorg/hfag/charm
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Updated LHCDb result from 1.0 fo—:

AACP : 1-09 De via pr-omp‘l' D*+, LHCb updaTe 2 LHCb

AAcp = (—0.34 & 0.15(stat) £ 0.10(syst))%

Differences from previous result:

1) New reconstruction changed the selected signal events (600 fb—1):

a) 15% of signal events no longer selected:;
b) 17% (K—K™) and 34% (7~ 7) new events selected:

AAcp: (-0.82+0.21)% — (-0.5540.21)%.
2) Including new data (+ 400 fo—') : AAgp = (—0.554+0.21) — (—0.4540.16)%.

3) Constraining the soft pion and the D° to originate from a primary vertex:
AAcp: (-0.45+0.16)% — (-0.3440.15)%.

2012 data set (2 fb~") currently being analysed.

"Charm decays, mixing, CPV PIC 2013, IHEP-Beijing, 07.09.13 B 44



AAc : tag De via semileptonic b-decays
——— PLB 723 (2013) 33
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Prompt D" AAg = (-0.34 £ 0.15 + 0.10)%

LHCb-CONF-2013-003

e, 2011 data, 1 Fb77

o,

% o T ]
G 1 K°K7 E

99,40000000%009000,%000%,0%000,%0 040" .’ .“o,.‘

PERY Y NN N Ly ol R At RO PIAN ] 1

-
-
-
-+ c
+
-
-+
-+
Laadaaa a2l iy

2 4

PT (DO) [GeV, c]

LB LAARS RARRE REAS

ALAE RARS

T T T T Y T T T T

oo, LHCh (c)

ta)

o “s o T _:
o e ° KK+ .

(+0.49 + 0.30 * 0.14)%

LHCD

AA = (-0.15 + 0.16)%

No evidence for CPV
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