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CP violation in charm

CP violation in charm is usually seen as a portal
to NP due to the smallness of SM "background".

SM predictions: very difficult due to long-distance processes.
SM CP asymmetries would be as large as O(1072).

Most promising: searches for direct CPV in hadronic decays.

The quest for CPV in charm continues:

asymmetry in rates of 2- and quasi-2-body CS decays;
asymmetry in regions of phase space of multi-body CS decays;
in a longer term, CP asymmetries in DCS decays.

CPV in charm is an important missing piece of the SM.
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Outline

Searches for CP violation in time-integrated rates:

@ D" - K K'n" (BaBar)
@ D" — ¢nt, D(+S) — KOh™ (LHCb, BaBar, Belle)

@ D° - K*K~ and D° — =*x~ (LHCb, Belle, CDF)

—0 o
D°—D" oscillations:

@ Observation of D°—D° oscillations with WS D° — K7 (LHCb)
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Search for direct CPV in Dt — K- K+tx+ — BaBar
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A comprehensive study using
three different methods:

Asymmetry in total rate:
Acp =(0.37+£0.30 £ 0.15)%

Model-independent search
over the Dalitz plot:

p-value = 72% for no CPV.

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

no indication of CPV in relative
phases and magnitudes.

PRD 87,052010 (2013)
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Search for CP violation in D(+S) — K2ht — Belle and BaBar

§< K ' LK Similar diagrams for
[ 0 _
D*(D") KK ) v D+ - KSO K+, DO - K K+ ;

d(u) da) o g™ penguin amplitude may be
enhanced by new particles.
JHEP 02 (2013) 098, PRD 87,052012 (2013)

Dt — K2n": direct CPV is allowed from interference between CF and
DCS amplitudes, but expected to be negligible in SM.

D — Kn*: CS decay, similar diagrams as D™ — KOK™.

The CPasymmetry in D, — Koh* includes the effect of K°—K' mixing:

L T > KK = wom) — T(Dy) = KO )F(K® = )
cP o r(D(JrS) —>K0h+)r(K0_>ﬂ—+ﬂ—7)+r(D(fs) — KOh)M(K® — 7t7-)
D —Kont o
AL AK Dt L RKOp e
— cpP + CcP ~ Acg)ﬁ n AgP

D+ —Kht AK®
1+ Acp Ace
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Search for CP violation in D"

() — K&h™ — Belle and BaBar

Acp is obtained from the asymmetry in signal yields:

D —KInt ND; =N

[ Dt —Kont D + )
(s) s K K
Al =N TN © — AL + A8 (cos 0p) + AL, + A,
ot (s)

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

) A"fcf determined from the CF (no CPV) D° —K—=* and D — ¢nt decays:

DOk nt D0 K+ + Di—pnt D& +
Araw T = AFB + Adet + A?iret ’ Al'ilsV - AFE + AZ:lret )
Kt DOk~ 7t Di—pm™ . o0 D
Al = A+ T — As (assuming Agg = AgZ})

@ forward-backward asymmetry Agg is an odd function of cos 67,

D, 1
(s) _
Agg’ =

KOnt . KOnt .
5 [Ami, (+cosbp) — A (—cosbp)

@ the detection asymmetry due to differences in KO —K? interactions with matter is

estimated numerically in PRD 84, 111501 — AK] ~ 0.1%
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Search for CP violation in D/, — K2h*t — Belle and BaBar
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Search for CP violation in D/, — K2h*t — Belle and BaBar
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Search for direct CPV in Dt — ¢7t and DF — K27+ — LHCb

Look for direct CPV in the ¢ region of the D™ — K~ K™= Dalitz plot:
ACP(D+ - ¢7T+) = /A\mw(D+ - (]57T+) - Araw(D+ d Kgﬂ‘+) + ACP(KO — RO)

El

A complementary observable, sensitive to

asymmetries that change sign (according

to the strong phase variation along the "¢"
band (1.00 < my—x+ < 1.04 GeV/c?):

o <4
Relative pﬁ’ase [rad]

m2 (K'K") [GeVZcq

D'

-~ Simulation
E L
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=]

1
ACP\S = E(Aéw + Ar?m - Af\w - Arﬂ'jw)

A concurrent measurement:
-0

Acp(Df — K27™) = A (DS — K277) — A (D — ¢77) + Acp(K® — K)

Acp(KO/VO) is the correction for CPV in the neutral kaon system,

Acp(K® — K°) = (—0.028 + 0.028)%

arXiv:1303.4906
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Search for direct CPV in Dt — ¢7t and DF — K27+ — LHCb

T & o ' arXiv:1303.4906
5 10 g g 2011 data set
g B 10% (1.0 fo-'e7 TeV)
g ¢ T |
& 8 F
o S )
I s 10 Hardware trigger (LO)
We Dt DL LS DY s i decision based on KY
1850 1900 1950 2000 800 1850 1900 1950 2000 d d h ter tl’aCkS
@t mass [MeV/c?] and ¢ daug
2 S 0°F All tracks must have
PR P been detected in the
= B 103t vertex finder (VELO).
g 10° g -
8 8 F
10k
102 o LDy L3 E DD Signal yields measured
1850 1900 1950 2000 800 1850 1900 1950 2000 in 12 bins of pr and n
@1t mass [MeV/c?] K3t mass [Mev/c?] for each charge and
1.6x108 D* — ¢t 1.1x108 D — Ko+, magnet polarity.
3.0 x10% Df — ¢n* 2.5 x10* Df — K=~

A.C. dos Reis Charm Mixing&CPV



Search for direct CPV in Dt — ¢7t and DF — K27+ — LHCb

Systematic uncertainties arXiv:1303.4906

Source Acp (DY) [%] Acp (DS) [%]  Acels [%]
Triggers 0.114 0.114 n/a
D control sample size n/a n/a 0.169
Kaon asymmetry 0.031 0.002 0.009
Binning 0.035 0.035 n/a
Resolution 0.007 0.006 0.056
Fitting 0.033 0.033 n/a
Kaon CP violation 0.028 0.028 n/a
Fiducial effects 0.022 0.022 n/a
Backgrounds 0.008 n/a 0.007
D from B 0.003 0.015 0.003
Regeneration 0.010 0.010 n/a
Total 0.133 0.130 0.178

Acp(DT — ¢rt) = (—0.04 +0.14 + 0.13)%,
Acpls(DY — ¢1t) = (—0.18 £ 0.17 +0.18)%,
Acp(Df — K2nt) = (+0.61 + 0.83 + 0.13)%.

No evidence for CPV.



Search for time-integrated CPV in D° —+ K~K*+ and D° — 77t

Time-dependent CP asymmetry for D° decays to a CP eigenstate f:

rD°—f)—rD = _ _u ind

t
Acp(f; t) = — ~ acp(f) + —acp,
r(D° — f)+ (D —f) T

(F) = |<fHar1|D°>| # |<f[Hara|D°>|;

aigdp = CPV in mixing and/or interference between mixing and decay: universal, to a

good approximation. Depends on the experimental decay-time acceptance.

AACP = ACP(K7K+)7ACP(7T77T+)

ir — ir — At ind
adp(K K™) — agp(n n") + %acfv

Experiment AAcp(%) reference
LHCb -0.82+0.21 +0.11 PRL 108 (2012) 111602
CDF -0.624+0.21 £0.10 PRL 109 (2012) 111801
Belle -0.874+0.41 + 0.06 arXiv:1212.1975 (prelim.)
BaBar +0.244+0.62 + 0.26 PRL 100 (2008) 061803

Agreement with no CP violation = CL =2.0 x 107°
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AAcp from prompt D** — D%zd — (LHCb, 1 fb=1)

Analysis strategy: the sign of the soft #* from D** — D%z tags the D° flavor.

N(D** — D°zf) — N(D*~ — D’r5)

A (f) = — el
N(D*+ — D°r) + N(D*~ — D°r5)

@ To first order, Auw(f) = Ace(f) + Ap(f) + Ap(md) + Ap(D*).

@ Ap(K™ K%)= Ap(r~7") =0, and Ap(rs), As(D*") independent of f:

AAcp = A (KT KT) — Auw(m 7 T)

;: 1600 T HCb — Fp‘(kx’/ndo% 1.00)3
g o f Preliminary e 3 Signal yields from 2011 data :
S g 3 22milion D° —» K~K*;
':;; oonoé— —% 0.7 million D° — 7= 7.
& 4000 - 5
2000 - E Alt)/r=(11.19+0.13+£0.17)%
0

5 10
8 m (MeV/c?)

A subsample of D** — D(K~ K™)rd.
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AAcp from prompt D*t — DOz — (LHCb, 1 fb~T)

@ Fiducial requirements to exclude kinematic
regions with large 7 detection asymmetry.

0
P Dmomenum D @ [P requirement reduces contamination from
/ D° originated from b-hadron decays.

@ Weighting procedure to adjust kinematic
distributions of the K~ K* and 7~ 7™

final states.

LosE Lo, v ]
> 016 Smulation consran - . \ L
2oub — revemaany @ Data divided into several disjoint samples
3oz KK 0PV consrang ] (magnet polarity and hardware trigger).
< olf 1 (no PV constraint)
8 oosf " =
B 006E 3 @ Signal yields extracted from a fit to
E g;gg; om=m(hth~7*) — m(h*h™) — m(=™").

Uli - 5 10 )

dm (Mevi/c) @ Constrain the D** vertex to coincide with the
LHCb-CONF-2013-003 PV substantially improves dm resolution.
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AAcp from prompt D** — D%zd — (LHCb, 1 fb=1)

D** momentum before weighting.
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D** momentum after weighting.
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AAcp = (—0.34 £+ 0.15(stat) = 0.10(syst))%

LHCb-CONF-2013-003
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AAcp from semileptonic B decays — (LHCb, 1 fb=)

Ara =

D° flavor is tagged by the
muon signin B — D%~ X.

Lower rate partially compensated

by a higher trigger efficiency.

Statistically independent
from the prompt D* sample.

Different trigger composition
and systematics involved.

M(D° = Ne(u™)P(D°) — T(D° — fe(u)P(D") ~ Abp+ AL+ AB

" T(D0 = e(um)P(D°) + T(D° = f=(ut)P(D°)

AACP = AmW(K_KJr) — Amw(7r_7r+) ~ ACP(K_ K+) — Acp(7‘r_7r+)

LHCb  (b)

3 60000 LHCb (@ ] gm ’
8 D° . K'K* 3 g 20 D° - T 3
3 %000 = Signal E B 20000) —=Signal E A<f>
S 40000) MBackground 3 B [ Background  J —+ =0.018 £ 0.007
8 E| 3 15000 El T
30000 E| B
10000) E 5000) ] .
o J o J AAcp ~ Aa(g;;
1 2 3 0 2 3
too [ps] too [ps]

arXiv:1303.2614
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AAcp from semileptonic B decays — (LHCb, 1 fb~)

T T

O VI e @ 3 g Magnet up LHCb (0 arXiv:1303.2614
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i — Total Q — Total .
S oo - Signdl ] o 2000 % - Sgnd Raw asymmetries
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] 1000 B . .
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8 so0o -Cgmb.bkg. ] 3 2000 -Cgr:b.bkg. Differences in the
3 2 kinematics of the
8 . 5 two final states
Ofr e H gt g e o are accounted by a
Wk e 1800 1250 W) evict weighting procedure.
Systematic uncertainties (%) Wrong flavor tag dilutes the observed asymmetry:
Production asymmetry 0.03 ; B
Detection asymmetry 0.05 Aw = (1 — 2w)(App + Af + Ap) — Aw,
Background fromreal D°  0.02
Background from fake D°  0.12 w=(w"+w7)/2=(0.982 £ 0.012)%,
Total 0.14 Aw = w" —w = (0.006 + 0.021)%.
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AAcp from semileptonic B decays

Ratio Norm.yields/ (0.2GeV/c)

Norm. yields/ 0.08

Ratio
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AAcp results from LHCb, 1 fb~'e 7 TeV)

AAcp results from LHCb — 2011 data (1 fb—'e 7 TeV):

B— D°u~X (+0.49 +0.30(stat) & 0.14(syst))% arXiv:1303.2614
Prompt D*  (—0.34 £ 0.15(stat) £ 0.10(syst))% LHCb-CONF-2013-003

Combination (—0.15+0.16)%

No evidence for CPV.
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AAcp — HFAG average

A&l = (—0.329 +0.121)%, Al = (—0.010 + 0.162)%

Agreement with NO CPV hypothesis - CL = 2.1 x 1072,

= 0-02
-DWU March 2013 e
<1 0.015 mﬁ:m;“‘
T
0.01} =
AJ BaBar
0.005 | A Belle prel.
0
-0.005 |/ PSR
e sisains Gy S
-0.01 T "X§§§E§§-3§
-0.015
_u-ozuuuuluwuuluwuulwk ) 1 1 P BT
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

a;
No evidence of CPV in D decays.
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Observation of D° — DO oscillations — LHCb

Measurements of time-dependent "wrong-sign" decay rates:
exploits interference between mixing and DCS decay amplitudes.

Wrong Sign Right Sign
DCS oF
— Right Sign CF domir -
D° K™ DO e igne sign ooy smpsce 5
Mix B CF \__ Mix DCS
Do - Do -

Assuming | x |, | ¥ |« 1 and no CP violation, and defining

QKJ:f\/RD e ", y' = ycosd — xsing, x' = xcosd + ysing,
K—nt

(6 = strong phase between ZKfﬂ and Ax-—.+)

the time-dependent decay rate of "wrong sign" D° — K™z~ decay is

r(0°(t) — K*n™) , X% 4y?
=Rt~ R v R, M+-————(rf".
r(Do(t) - K—=+) (1) 2 Jr_D,_zy £+ ()
DCS interf.

mixing
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Observation of D°

Candidates/(0.1 MeV/c?)

Alo

— DO oscillations — LHCb

2011 data — 1.0fb~' at 7 TeV

>(lloE T T a XII€ T T
1.2 1 B 0p
F LHCb + RSdata < [ LHCb + WSdata
T —Fit 1 = 8§ — Fit
08f [ Background S 6: [ Background
osf 187
[ ] oS 4
0.4F 3 g [
02f 3 O 7
OLes ‘ ; oZ
2.005 201 2,015 202 2.005 201 2,015 202
M (D°re) [GeV/c] M (D°rt) [Gev/c]
5¢ 1 b 5f ]
F I
0 0

5
-5

D*t — DK~ nt)mg
8.4 x 108 decays

PRL 110 (2013) 101802

&

D+t — DY(K*n)md
3.6 x 10* decays

Charge of soft pion 7
tags the flavor of the D°.

Background of WS data
dominated by real D°
associated to a random 7.

Contamination from
B — D°X reduced by IP
requirements on D° and 77 .

D° and #¢ required to form
a vertex constrained to PV.

A.C. dos Reis
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Observation of D° — DO oscillations — LHCb

Data divided into 13 D° decay time bins with similar number of candidates.

RS and WS yields determined in each decay time bin using fits to M(D%7 ).

Most systematics affecting the determination of yields as a function of

decay time cancel in the ratio between WS and RS.

Doubly misidentified RS events correspond to (0.4+0.2)% of WS signal.

Residual (2.740.2)% contamination from secondary D° survives the IP cut.
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222

o)

x10*
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T T i
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-~
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Observation of D° — DO oscillations — LHCb

& S = T | |
7:_ * Data _ § 2r b
6.5F — Mixing fit E o LHCb
6F - No-mixing fit | 1.5F .
53¢ ] ik .
SE ] :
asp 045? 777777 . *
44"” ; of —lo NS
3.5F LHCb E + No-mixing
B ey T -0'5'_@...‘\....|‘...'|‘_'
0 2 4 6 20 0.1  -0.05 0 0.05
1t x7% (%]
Fit type Parameter  Fit result (10~°)
Mixing Rp 3.52+0.15
y 72+24 No mixing hypothesis
X' —0.09+0.13
No mixing Ro 4251 0.04 excluded at 9.1¢

PRL 110 (2013) 101802
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D% — DO oscillations — new HFAG averages
’ % } no PV FPCP 2013 CF'VaIIoweﬂ

v (%)
o
¥ (%)

0.5 \ 58
ol L ] ol I
F ’ﬁu r l10—‘
206 [ 20
L 3c [ 30
-0 P L L L .\@ 0. (A R R TR R ‘lgz
-0.5 1] 0.5 1 1.5 -0.5 0 0.5 1 1.5
(x) = (0495T)% ™ (x) = (04975 )% ™
{y) = (0.66 + 0.09)% (y) = (0.74 + 0.09)%

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

Exp. Rp (107%) y’(107%  xZ(1079)
LHCb 352+0.15 72+24 —0.09+0.13
Belle 3.64+0.17 0.64% 0.18792%
BaBar 3.034+0.19 9.7+54 —0.22+0.37
CDF  351+035 43+43 0.08+0.18
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Latest results on "WS"
D° — K decay.




D% — DO oscillations — new HFAG averages

http://www.slac.stanford.edu/xorg/hfag/charm
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Although there is no new data on |q/p| and ¢, contour plots have changed
significantly due to correlations with new y’ and x’ measurements.
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Enormous progress in last six years:

Charm mixing is now well established:
x ~ y, well within SM expectations;
no evidence for CPV in mixing;
stringent limits on NP scale.

Observation of CPV in charm remains a challenge:
there is still the LHCb 2012 data (2 fo~").

Sensitivity of CPV searches approaching SM expectations:

LHCb entered a new precision era of Flavor Physics .

All observations are compatible with SM expectations.
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Backup slides
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AAcp from prompt D** — D%zd — (LHCb, 1 fb=1)

Updated LHCb result from 1.0 fo~":

AAcp = (—0.34 + 0.15(stat) = 0.10(syst))%

Differences from previous result:

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

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

AAcp: (-0.82£0.21)% — (-0.55:0.21)%.
2) Including new data (+ 400 fb—1) : AAgp = (—0.55 £ 0.21) — (—0.45 £ 0.16)%.

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 fo~") currently being analysed.
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Search for direct CPV in Dt — ¢7t and DF — K27+ — LHCb
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— D% — (LHCb, 1

D** — D°(K~K*")rd signals
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Yep — lifetime difference between CP-even and CP-mixed final states

Different lifetimes in D° decays: unambiguous manifestation of oscillations.

Time-dependent rate for the D° — K~K* and D° — K= :

ro°(t) - K~K*t) = e‘”|AK,K+|2{17‘%‘(ycos¢fxsin¢)rt}
r(D°(t) » K~ K*) = e*”|AK,K+|2{1—‘g‘(ycos¢+xsin¢)rt}

ro%(t) = K—z%) = e A+

Ratio between CP-even and CP-mixed lifetimes:

=T (K~ 7t)
Yer = "or T H(K-K))

2

—1=ycos¢p— %Amxsin(p, Am:1—‘

9
p
If there is no CPV in mixing, |g/p| =1 and ¢ =0,
7° -ty _ 0 — )t
Yo — ¥ Ar:r(i)—)KK) (D —>KK):O
(D" - K-K*)+7(D° - K- K*)
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E791 1999

CLEO 2002

Belle 2009

LHCbD 2012

Belle 2012

‘World average

DO oscillations — rece

esul

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

Ty IRRRARARIRRESRRRRSRE ]

HFA HFAG-cham
CHARM 2012 CHARM 2012

. 0.732+ 2.890 + 1.030 %

LHCb 2012
3420+ 1.390 £ 0.740 %

}.,_.__{ +1.200 +2.500 +1.400 %

Belle 2012
H 0.110 + 0.610 £ 0.520 %

o 0.550 + 0.630 = 0.410 %

H 1110+ 0.220+0.110 %

0.720+ 0.180 + 0.124 %

World average
0.866 + 0.155 %

il
-0.

T P

1 FETRY PPN FPETI FYETY FEYRY FYYY PN YRR RTINI )
012 3 45

Yep (%) Ar (%)

-0.590 £ 0.590 £0.210 %

-0.030 £ 0.200 £ 0.080 %

0.088 + 0.255+ 0.058 %

<0.022+0.161 %

(ycp) = (0.866 + 0.155)% (Ar) = (—0.022 + 0.161)%
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DO — DO oscillations — notation and formalism

Time evolution of neutral D mesons:
0' Dg _ M- %r11 Mo — ér12 Bg CPT invariance:
"ot My =32 Moo — 5T20 D My = Mpp, T4 = Tao.

Mass eingenstates:

1 —0 1 °
ID1) = ————(pID°) +4qID")), |D2) = ———= (pID°) —qID")),
VIpZ +lql? ( ) VIp? + gl ( )
Parameters governing mixing: Parameters governing CPV:
_Me—m _ Am A
X = r - AE%A—**T/CP H
_ M- _ AT _ o
Y=""%r "o A= (fIHID%), A= (fIHD),
F:% q_ Mfz_%rfz
P Miz — 5T42
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DO — DO oscillations — notation and formalism

Inthe SM D°—D0 oscillations are slow and have two mechanisms,

K

Di) lei
i d,s c
™
Short distance box amplitudes: long distance amplitudes:
@ GIM+CKM suppression, negligible @ dominant mechanism, but not calculable
contribution from b (|VpVeq| ~ O(A%)); from first principles;
@ contribute only to Am; @ contribute to both Am and AT;
@ Where NP could manifest. @ hardly sensitive to NP.

SM predictions (still rather uncertain): x, y ~ O(1072—1073).
D°— DO oscillations driven by the first two generations:

negligible CPV in mixing.
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