Charm Mixing and CP Violation

A. C. dos Reis, on behalf of the LHCb collaboration,

including results from Belle.
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What is new since FPCP 2013

D°—D° oscillations and CPV:

o D°—D" mixing and CPVsearch with WS D°— K7 (Belle, LHCb, 3 fb™")

o Ar from D" - K*K~ and D° — 7"z~ (LHCb 1 fb~")
@ Mixing from time-dependent D° — K77~ Dalitz plot analysis (Belle)

Searches for CP violation in time-integrated rates:

e AAcp from B — D’ X (LHCb, 3 b ')
o D' = ata T /KTK 7w (LHCb, 1 b1
e DT — x—xtxT (LHCb, 1fb™ ")

o DT

() = Ksh* (LHCb, 3 fb™", preliminary)
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DO — ' oscillations and CPV — D° — K1

Measurements of time-dependent ratio of WS-to-RS decay rates:

Wrong Sign Right Sign
DCS CF
DO K™ DO e ions sign ooy ampsce 5

Mix CF } N, Mix DCs
Do

Assuming |x|, |y| < 1 and no CP violation, and defining

A + = —idx ’ . ’ .
1{7” = —v/Rpe "k, y' = yco8 dgr—xsin dgr, x' = xc08 Sk +ysin Ogr,
K+m—

(8xx = strong phase between ZK+TF, and Agt . —)

the time-dependent ratio of WS D — K*7~ and RS D — K*7~ decay is

L(D°(r) — Ktn™) x4y

Ry = “PWZRT) o Ry 4 VRpy Ti 4 (T2
PO = Kin) ~r e A
) interf. R
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DO — ' oscillations from Belle

Flavour tag with D*+ — DO
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CP conservation assumed.
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Small DCS contribution to
the RS yield neglected.
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haloove Proper time resolution is
comparable to the D° lifetime.

11.5 x 103> WS and
2.98 x 10° RS decays.

Resolution function (sum of
4 Gaussians) included in the
PDF, with free parameters.

Data divided into 10 bins
of D" decay proper time.
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Rp(x1077) =3.53 £0.13
: 7 S Y(x107%) =4.6 £3.4
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No-mixing hypothesis
Belle - PRL 112 (2014) 111801 excluded at 5.10
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D’ oscillations and CPV search — LHCb 3 hH

Allowing for CPV: simultaneous fit to R"(¢) and R™ (¢), for initially produced D°
and D', producing two sets of parameters: (R}, x>*,y/") and (R}, x>, y'").

R} # R, : direct CPV;  (x*7,y/") # (x¥*7,y'7) : mostly indirect CPV.

+1 +1
At = ‘Q (x' cos ¢ £y sin¢) yE = ‘Q (y' cos ¢ F x" sin ),
);
- g ot : ;
o - Data & 100
37 '(‘a;'Cb Fit E 3 [ LHCb * WSdata
S 6F I Background 3 E r — Fit
- F S [ Background
S 5k = =
z 3
g 4 E £
53 ] :
S ] S
O 1f 3
o ‘ ‘ E 201 2015 202
2005 201 2015 202 M (D°re) [Gevic]
M (D°rt) [GeV/c]] g 5¢
20x more data than Belle. o
Decay time resolution: o, ~ 0.17p 5

PRL 111 (2013) 251801
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oscillations and CPV search — LHCb (3 fb—!)
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tt

Direct CPV: nonzero intercept.
Ap = (—0.7+1.9)%

Slope of Rt —R™: 5% of R*, R~
slopes and consistent with zero.

PRL 111 (2013) 251801
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LHCb
8L

(a) CPV allowed (c) NoCPV

+++99.7% CL
--D°68.3% CL [ --D°68.3%CL 1 --955%CL 1
—D°68.3%CL —D°68.3% CL —68.3% CL
6 1 6 0‘.1 0‘.2 -C‘!.l 1‘) 0‘.1 0‘2 0‘ 1 (‘) dl 0‘2
x2[107
Fit type Parameter Fit result
CPV R} (x1073) 3.545 £ 0.082 £ 0.048
YT (x1073) 51412407
X2 (x1079) 49+6.0+3.6
R, (x1073) 3.591 £ 0.081 + 0.048
Y~ (x1073) 45412407
X7 (x1079) 6.0+-58+3.6
no CPV  Rp(x1073) 3.545 4 0.058 4 0.033
¥ (x1073) 48+0.8+0.5
x2(x1073) 554+4242.6

No indication of direct or indirect CPV.
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Indirect CPV search in D° decays to CP eigenstates (KK, 7 77)

The time-dependent rates of decays to CP eingestates, assuming no direct CPV,
are approximated by single exponentials, I'(D°(t) —f) oc exp[—T'p0_, 1]:

IqD“*ﬂﬁ’h* - FD [1 + ’g‘ (}’COS@ — xsin ¢)]7

fﬁ“%/ﬁ’h* = FD [1 + ’g ‘ (y Ccos ¢ + XSin O)]?
Cpok—rt =Tpp_ g ne =T, ¢ = arg(Am) = arg(q/p) (¢m = 0).
Any difference between I'po_,,+,— and T'po_, . — mixing.

Lpoptn— +Fﬂgh+/,— 1
2I'p ’

yep =

Any difference between I'po_, ,+,— and fa) — indirect CPV.

—hth—

I(D° = hth) =D’ = hth™)

D(D° — h=h+) +T (D — hth—)
A,

_la/pl> = Ip/al”*
~la/pP?+1p/al*

Ar =

1
~ (EA,,,ycosqé — xsin c,ﬁ) ,

m
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Indirect CPV search in D° decays to CP eigenstates — LHCb (1 fb—1)

D’ = KtK—: Amand proper time fit.
311 x 10° D° — KTK~
1.06 x 10° D° — nhz~

Measurement of Ar (K"K ~) and
Ar(nT7r7) using D*t — D™,

Entries/ (0.02 MeV/c?)

The nominal Ar measurement: effective
lifetimes extracted from a simultaneous
two-stage fit to eight subsamples
(mag. polarity x run period x D flavour).

|

140 145 AlngﬁMeV -
2 Tom ] Cross-check: divide data into equally
o —Fi E
sk :s,ag;?%‘md 1 populated bins of decay time 7, compute
B ol o . =0 . .
é o ?Agﬁ the ratio of D' to D’ in each bin, then
] -~ B

- - Comb. bkg

extract Ap froma x? fitit to

N— 24 1 — A1/ ™0
R(t) ~ -2 <1 + —Fr) e

N} Tkk ) 1 — eP/ o0

|

2 ¢ tpsl PRL 112 (2014) 041801
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Indirect CPV search in D° decays to CP eigenstates — LHCb (1 fb—1)

Background from secondary D controled using impact parameter wrt primary vertex.

0.25—-0.37 ps 0.74 — 0.78 ps 1.55 — 1.80 ps

g
T

Entries/ 0.14
Entries/ 0.14
|
Entries/ 0.14

ER828838

z z W 3 UM
- i) Y ) S )
LHCb BaBar and Belle
Ar(KK) = (—0.035 = 0.062 + 0.012)% Ar(KK) = (—0.03 £ 0.20 + 0.08)%
Ar(r7) = (+0.033 £ 0.106 + 0.014)% AY = (+0.09 £ 0.26 + 0.06)%
LHCb - PRL 112, 041801 (2014). Belle - arXiv:1212.3479,

BaBar - PRD 87, 012004.

No indication of indirect CPV.

A.C. dos Reis Charm Mixing&CPV - FPCP 2014



Mixing from time-dependent D° — K(S)w*w* — Belle

m2 (GeVZc*)

Mixing parameters x,y can be directly accessed in a
time-dependent Dalitz plot analysis of D® — Kontm—.

3 types of contributions: K*~ 7" (CF); K* 7~ (DCS);
K9p" ("CP eigenstate"), eliminating the dependence on the
relative strong phase between the CF and DCS decays.

Time-dependent decay amplitudes:

M(ss5-,1) = Alsg,5- )4 (1) + g;<s+,s_>g_<z>,

“-ea N )

) Mm,s,,,):A(HJ,)“(,)+EA<S+,S,>g,<f>.
m?2 (GeV%c?*)

Belle - arXiv:1404.2412

A(s4,s Za,\e")*Ak seos_), s+ =mr(Kint)
Assuming no direct CPV, A(ss,s—) = A(s—,s1).
Dependence on (x,y) appears when the decay amplitude M (s4,s—, ) is squared:

1

dF(S+./S_,l) W

M (s4,5-, t)| dsids_.

Decay model: 14 resonances, K-matrix for 7 S-wave, effective range (LASS)
for Kim S-wave (40 free parameters), but only an approximate solution found.
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Mixing from time-dependent D° — K(S)w*w* — Belle

’Z i 5150007
o~ 80000+ o ~
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anooo— E sooop :>j
v 1‘ i e i o 015 ‘1 1.‘5
m2 (GeVZ/c?) m2 (GeV?/c?) m2_ (GeV%c?)
Belle - arXiv:1404.2412 0015
x?/ndof = 1.207 — CL = 107901 oorp 1
no CPV 0005 | TN
x(%) 0.56 £0.19 T0-97 > SN )
(%) 0.30 £0.15 F9-% ’ G
CPV allowed -0.005 | 9
x(%) 0.56 £0.197097
(%) 0.30 :I:O.lStg:gg DONGT 0005 0 0005 001 0015
—+0.16 +0.08 x
la/p| 0.907 15 ~0.07 o o
arg(q/p)(°) 6114371 Mixing significance at 2.50.
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No indication of mixing-induced CPV
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Search for time-integrated CPV in D° — K=K+ and D° — 7ot

Time-integrated CP asymmetry in D° decays to a CP eigenstate f (f=KK, 7wr):

< > md

LD’ =f)-T@" =f) _ ity 4 ) gt

I(D° —f)+TD —f)

Acp(f) =

ali(f) = | AD —=f) | # | AD =) |:

a?}‘, => CPV in mixing and/or in interference between mixing and decay: universal, to

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

In the SM, als(K~KT) and als(m~7T) are expected to have opposite signs:

AACP EACP(K7K+) —ACP(77W+)

. - . B At .
=alh (KK —abp(mnh) + ;>al('~',g
e At
~ Ad%, — ﬁAr.
T

AAcp: cancellation of systematics and production/detection asymmetries;
higher sensitivity to CPV.
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AAcp from B — D°u~X decays — (LHCb, 3 fb~!)

o D° flavour is tagged by the muon sign in B — D%~ X.

o Statistically independent from the prompt D* — D’z F sample.

(D" — f)e(u)P(D°) — (D’ D |
A, = Fe(u”)P(D") (0 . D) o A, +al+ AL

D(D° — fe(n=)P(D°) + T(D" — f)e(ut)P(D)

AA(,‘p :A[-QW<K7K+) *Amw(ﬂ'77'l'+) 2A(7p(K7K+) 7A(,‘[’(7T77T+)

Using the CF decays D’ — K~ 7%, DT — K~n"nt and DT — KJnt, A%
and A% are determined, allowing the measurement of the invididual asymmetries.

Amw(K77T+) :Ag *A% *AD(K77T+)

Acp(K"KT) = A (KT KT) — Ap (K7 T) — Ap(K ™)

Very small difference in the average decay time between K~ K+ and 7~ 7 ":
Alt :
A 0014 +£0004 — AAcp ~ At

-
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AAcp from B — D°u~X decays — (LHCb, 3 fb~!)

Raw asymmetries determined from a simultaneous fit of eight data subsets
(2011 x 2012, MagUp x MagDown, D’ x D)

x10°

T
LHCb
- Data
— Total
- Signal
[ Comb. bkg.

Candidates / ( 1.1 MeV/c?)

1850 1900
M(KK*) [MeV/c?]

2.14x10°D° — K~ KT

Systematic uncertainties (%)

x10°
T

T« T T Detegtlon asymmelries
E % o Dua studied as a function
a — Toul of particle momentum.
< 40 -+ Signal
E 0l -Cgmb. be.
g il S Small differences in the
£ . .
2 kinematics of the final
g
S states accounted by
RED 1850 1900 a weighting procedure.
M(m*) [MeV/c?
5 0 - istics
7.67x10°D° — 77t Statistics comparable to

prompt analysis (1 fb~1).

Asymmetry diluted by wrong flavor tag:

o oT e 00 ARy = (1= 2) o () — (1)
Detection asymmetry 0.02 0.06 Acp(KK) = (1 = 2w) [Araw (KK) — Araw (K7)] +
Background from real D° 0.03 0.03 (I —2R)Ap(K)

Background from fake D 0.07 0.07

Total 0.08 0.10

arXiv:1405.2797

AAcp — w = (0.988 = 0.006)%,
Acp(KK) — w = (0.791 % 0.006)%.
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AAcp from B — D°u~X decays — (LHCb, 3 fb~!)

This measurement (arXiv:1405.2797):
Acp(KK) = (—0.20 £ 0.19 £ 0.10)%, Acp(mm) = (—0.06 £ 0.15 + 0.10)%,

AAcp = (+0.14 £ 0.16 + 0.08)%.

Overview of CP measurements: New world average
68% CL contours (neglecting indirect CPV).
L L A BN B
BaBar
CDE
Belle

LHCb prelim. (pion tagged)
1.0fb"

LHCb (Tuon tagged)
30fb
ngdaverage
PR R R S RS SR S R

1
DAcp [%]

05 1
Acp(TTTT) [%]
New world averages:
ACP(KK) = (—0]5 + 0.1 1)0(‘,, Acp(ﬂ'ﬂ') = (+O]O + 012)%,
AAcp = (—0.25+0.11)%.
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HFAG averages, as in May 28, 2014

) % 1_5% } CPV allowed g e
April 28, 2013: r g
o +0.17 i B
(x)=(0.49775)% =
(y)=(0.74 £ —0.09)%
_ +0.11
lg/p| = 091750 o .
r Wio
oy __ +8.9 [ 2
#(°) = —29.627; od o
o 40
-0.5 0.5 §.5 .. 0.4 . 1.2 14 16 1.8
X (%) lg/p!
§1.z% !CFVa/lowed g % éi
May 28, 2014: - g e |
0.8~ [<ad®
= 20
(x) = (0.417715) % o8-
0.08 0.4 u’
N\ +0. r
() =(0.63Z.07)% 02 o
_ 40.08 o 1 F
lg/pl = 0.937 -0, © ¢
+9.1 -0 & ¢
Nz . 40 L
@():8-7,843 _0. 50 S I IR IR B R
-0.6-0.4 -0.2 02 04 06 08 1 1.2 0.6 0.8 1.2 1.4 1.6
X (%) Ig/pl

to appear soon at http://www.slac.stanford.edu/xorg/hfag/charm

A.C. dos Reis



HFAG averages, as in May 28, 2014

In the SM, direct CPV in DCS decays is not possible. A relation between the
four mixing parameters sets stringent bounds on the values of ¢ and |q/p]:

x {1 - \ﬁl/Pq

tangp = —
y LI+1q/pP

Chiuchini et al., PLB 655, 162
Kagan and Sokoloff, PRD 80, 076008

lg/p| = 1.007 £0.014,  $(°) = —0.03 £ 0.10

HFAG also fits for the underlying theory parameters

gz el el (MR
2= FD’ Yi2 = 1—‘07 12 = arg T'h :

x12 = (043 £0.14)%, yi2 = (0.60+0.07)% ¢12 = (0.9£1.6)°
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Direct CPV searches in D(t) decays

Direct CPV searches in charged D mesons are a natural
complement to the Acp measurements with neutral D.

K+ c u
D" — K§K™ and D) — K¢ ) S g . B

have similar amplitudes than DHDY) ROK) .
D" - K'K™ and D’ — ntm: - T

KO(K7)

3-body decays offer unique opportunities:
@ local effects may be larger than phase-space integrated ones (e.g. large
asymmetries observed in charmless BT — h; il h, see Bediaga’s talk);
@ local CP asymmetries may change sign across the phase space;

@ the pattern of local CP asymmetries brings additional info on
the underlying dynamics (other than a single number).

@ the main strategy is to perform a direct, model-independent
comparison between D(t) and D(z) Dalitz plots.
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Search for direct CPV in D, — Kgh™ — (LHCb, 3 fb~

D, — Kort D, — KgK*

PRELIMINARY

wl @) LHCb ]

1.0 x 10° DT — KK,
1.2 x 10° D} — K ™.

Canaidates/ (10 Mev/cs)
Candidates/ (10 Mev/cs)

Three observables,

™0
m(Km (Mev/c)

pt—kdkt DY —Kkdnt , ADP

s
g S Acp s Acp
) LHCh ] g
;;; s . %‘ four asymmetry measurements:
§ §
gL ] H D?') — Kot
° ° -Amedx , h=K,m (CF),
; : gt
. e and .AmCds " (control channel).
m(K2) (Mev/c) m(KK) (Mev/c?)
05+
—)K h + 0
N Dt —KInt
~ s
Ameds ~ ‘ACP Apmd + Adel + AKO,
DY KIKT AD*%K( kT pF—kkT] [ Dt —KgET A[)Jr—\(n‘r A
CP ~ meas meas meas meas KOy
./41)\+—>1<A(§)7r4r - AD:FﬂKA(‘)Tr B A[)+~>O7\' A
CcP ~ meas meas KO-

LHCb-PAPER-2014-18, in preparation




Search for direct CPV in D, — Koh™ — (LHCb, 3 fb~!)

(s)
Dg) production and hadron detection asymmetries cancel in the observable
DF —5K)nt bt —KkIkt Dt Kt pt—KkIkt
A?[’D = [-Am‘ca:> S Anfcu? § ] - [-Amca;> S Amcu? § ] - -A[(()
: : 070 .- 0 70
Ao is the combined effect of K —K mixing, CPV and o(K'N) # o(K N).

Only K9 with short decay time are used: small contribution from
CPV and K°—K’ mixing. Ago dominated by o(K°N) # o(K'N).

Weighting is used to equalise small differences in kinematic distributions.

Fiducial cuts remove small portions of phase space with large raw asymmetries.

Preliminary results:

+ L gOg+

Agp 5% = (40,03 £0.17 £ 0.14)%
Kt

Ay T = (+0.38 £0.46 £0.17)%

AGY = (4+0.41 £0.49 + 0.26)%

LHCb-PAPER-2014-18, in preparation
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Search for direct CPV in Dt — 7~ ntxt — (LHCb, 1 fb— 1)

Direct, model-independent comparison between DT and D~ Dalitz plots.

Bined and unbinned analysis, using the CF D" — 7~

Unbinned analysis use the k-Nearest neighbour technique.

2.68 x 10 Dt — 7= ntat

ey

L
1850

0 05 1 15
Sow [GEVHCH]

PLB 718 (2014) 585

2.70 x 106 Dj - ntnt

B 14000)

3 12000]

= 10000/
Q 8000

8 6000

2 200
§zooo

L ey

1950

2000
M (e TeTe)[Mev/c]

0 0.5 1 15 2
Sow [GEVCY]

+

* as control channel.

Binned analysis:

o the combined D* Dalitz
plot is divided into bins;

@ in each bin compute

N;(Dt) — aN;(D™)

alo? (D) + (D7)
>iNi(DH)

“T SN

i
Sep =

o from the S, values
extract a p-value for the
no CPV hypothesis,

X2 = Z(SQP)Z

i
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Search for direct CPV in Dt — 7~ ntxt — (LHCb, 1 fb— 1)

b

§ zi @ i:m: g 6F ®) ] In the absence of CPV, Stp
3“1 3 » .g 57 LHCb E distribution is a Gaussian
s b s R s E (u=0,0=1).
1.5F | ' (: 3: ’
L 2 % E Different binning schemes
05F LHCb 3 1: ] (adaptative/uniform) tested.
% 05 1 s é * S 2 0 2 2
Sow [GEVHc] Sep
= ‘ ‘ T i bins x°  p-value (%)
< (I © %7 2w @4 20 140 78.1
%% Iy T tHeb 1 30 282 50.6
< Ty B = 7 v ] 40 285 89.2
i W g —" {0 ¢ 1 50 267 99.5
1 = R at ] 100 89.1 75.1
sk » LHCb R 2 ]
% 05 1 15 ) * 2T 2 2 Consistent results obtained
Sou [GEV/CT] Ser . . .
with the unbinned analysis.
No evidence for CPV.
PLB 718 (2014) 585.
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Search for direct CPV in D° — K- Kt7n— 7t /m~ntn—nt — (LHCb, 1 fb

33x10°D° - n-nto—xt

< T T T
B LHCP —+Daa E
= R
31 3 o~ wwmen 1
g [I] Random soft pion
éim B Il combinatorial

000 B

e
Ti0 3

150
BAm[Mev/c]

m? ()

% 20000 - i -
;S LHCb
& 15000F,« "= +92 E
2 . -
S 10000F = * E
o -
g 50001 - B
o L

0! L m""‘lﬁ_

2
(1, 2) [Gevc]

m* (- ntrt)

& gof LHCh =%, ]

3 ~p° .~ -

8 qoof - 20 ® . E

8 = -,

5 . -,

S ool S

2 . -

8 2000F seus® .

R .

ole . -

2 3
(1,2, 3) [GeVcA]

PLB 726 (2013) 623.

57x10*D" - K~ Ktn—nt

S ool LHch
3 +D:xa
S sl [Jo° - k&mm
3 [E] Random soft pion
ﬁmf W o: - kK
8 ot kwrwmre
1000 [ combinatoria
o 15 50
BAm[Mev/c]
m*(K~KT)
Leooof ” LHCb
8 ol el
8 —D
€ 4000
LR
ob it |
1 2 25
(1, 2) [GeVcd]
m*(Ktntn™)
= ! .
L4000 pyop N
E aoof D -
Q —-=p°
S ES -
£ 2000F
3 -
glooo— +*t
a e
o -

1‘5
(2, 3, 4) [GeVci]

A.C. dos Reis

Same method and strategy
asinDt — 7t

Particle-antiparticle asymmetry

studied with the control
channel D° — K~ 7 tn 7+,

Different partitions of the
5-dimensional phase space.

DY » K—Ktn—nt

bins X2 p-value (%)
16 227 9.1

32 282 9.1

64 757 13.1

DY ntn—at

bins X2 p-value (%)
64 688 288
128 130.0 41.0
256 246.7 61.7
No indication of CPV.
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Charm mixing is well established: a great experimental achievement!

x~y~0.5% : How should we interpret it? Is it SM driven?
Could new physics be hidden here?

No evidence for CPV in charm: a remaining experimental challenge!

Experimental sensitivity now at O(1073) and improving.
Interpretation of a CPV signal would not be easy.

Charm mixing and CPV now in the precision era:
A lively field, plenty of opportunities

The prize worths the effort!
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Backup slides
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Charm mixing and CPV: formalism and notation

Mass eigenstates: |D;,) = p|D°) + q|50>, eigenvalues: Ao =mio —il'15/2

The dimensionless parameters governing mixing:
r-r, AT I+ 1

my — mp Am
= — = — I'= .

=TT r Y o 20 2

Amplitudes for D decay to a final state f:
Ay =AD —f), A=AD—f),

A;=A(D —f), Ar=AD—f).
The master equations for time-dependent decay rates:

L) = f] = % e T AR [ (14 [y ”) cosh(yr) + (1 — A\r|) cos(xr)
+ 2Re()y) sinh(y7) — 2Im()\s) sin(x7) ],

PD°(0) = ] = 5 ¢ AP [+ 137 cosh(yr) + (1= A7) cos(ar)
+ ZRe(/\fl) sinh(y7) — ZIm()\fl) sin(x7) |
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