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Flavour mixing in the charm sector

» Neutral mesons can oscillate between matter and m—my My,
anti-matter. Mass eigenstates # flavor eigenstates ‘s A= -
' Mlxmtg | S I'+T,
_ parameters
|D1,2>=p|DO>iq|DO> y=r1_r2 =r1_r2
2I°, I''+T,

> Experimental evidence by Belle (2006), Babar and CDF (2007).
First observation by LHCb (2012)

» Charm mixing is much slower than B and K mixing x,y<10-3

» D9 mixing may occur through:

* long-range intermediate states » short-range (“box”, “penguin”) diagrams
U - u u d,s,b c
s,d
¢ W
W -
u
e u ¢ d,s,b 7
Dominant but large theoretical Highly GIM and CKM suppressed in SM.
uncertainties. Possible enhancement in many NP theories.

» Measurements of x and y are at the upper limit of SM = Powerful probe for NP
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| D°- D° mixing |

. 1.5 fb1 Evidence PrL 100, 121802 (2008)
9.6 fb-1

Observation BRAND NEW!
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Charm mixin

DO
L4y measures “,\G D <A
yproper V \
decay time D**— 5+ D° S5 Kt
i K CF
e Right-sign (RS) decay (xt with the same charge)
7"5 ..'.‘. .-: _0
beam spot .,_..D* “\\1‘\"‘0 D Co
foractin do(F)~
vertex D*+_) J'[+ DO —S5 K+ J'I:_

DCS

D? is tagged by D** — D% n_* decay
Wrong-sign (WS) decay (x with opposite charge)

The ratio R(t) of WS D** — D0 n,* — K*n,* to RS D** — DO i, — K- n*n* decay rates
can be approximated (assuming |x|,]y|<<1 and no CPV) by:

12 ) Mixing rate
R(t) =R+ R,y't +@t2

DCS to CF ratio 4

Xx'=xcos0, +ysind
ka T VS Ogn S, : strong phase difference

y'=ycosd;, —xsindy, between CF and DCS amplitudes
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Data sample

= Data collected from Feb. 2002 to Sep.
2011 9.6 fb' @ Vs =1.96 TeV
CDF Il @~s e

1.4 T solenoid » Hadronic trigger: two opposite
charge particle tracks in COT+SVX
from a displaced vertex

Wy T = Excellent p;and mass resolution

\ g
‘e/?\\ s 1/pr = 0.07% p;
Impact parameter resolution ~30 um
Particle ID (from dE/dx)
“Soft” n, tagging: D* — D% i, — hh’ x

(o

)

\)
o

Vertex detector (SVX) 1%%
|

Central drift chamber (COT)

Paolo Maestro Observation of charm mixing at CDF BEAUTY 2013



) RS and WS signal extractior

CDF Run Il preliminary, L=9.6 fb"

DO

00!

[

» Tracks are considered with both Kr and nK
interpretations. RS or WS depends on D* tag

180

» The mis-assigned interpretation has a K= 160

distribution 10x wider than a correctly
reconstructed DO.

140!

{1 mass [GeV/c?|
= o
o n

T 17T | 17T 17T

120

D’ - 1'K”

1Z2hH—x

100

00

Right-s

00

00

00

1.75 1.8 1.85 1.9 1.95 2
Wrong-sign K7 mass [GeV/cY

D’ -1 K*
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Tracks are considered with both Kr and nK
interpretations. RS or WS depends on D* tag

The mis-assigned interpretation has a K=
distribution 10x wider than a correctly
reconstructed D°.

Limit mass range to 1.8<m(Kn)<1.92 GeV/c?
excludes almost all D® — KK, nxt

Opposite-assigned-mass (OAM) cut:
RS D9 candidates with

Im(K- ) — m(D°)| < 20 MeV/c?

are removed from WS sample.

Exclude WS from RS sample with a similar
OAM cut.

OAM cut keeps 78% of signal, 3.6% mis-
assigned.

Kk

i:'T‘Illllll

1.8 1.85 19
n K7 mass [GeV/c?|

Wrong-sig

D’ -1 K*

1.95

6
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) RS and WS sianal extract

7/

Correct particle assigment Particles swapped
5

» Compare two-track PID probability (from dE/
dx) for RS and WS assignments, and retain

the most probable hypothesis. o bos
i 0.003 m_— 0.003
» PID: 85% efficiency,15% mis-assigned (w/o S o °-:2
% St

OAM ) 0.001 5

wn

dedx 7 hyp
dedx m hyp

(=]

dedx K hyp dedx K hyp

7

Paolo Maestro BEAUTY 2013



» Compare two-track PID probability (from dE/
dx) for RS and WS assignments, and retain
the most probable hypothesis.

> PID: 85% efficiency,15% mis-assigned (w/o
OAM)

Before selection

per2 M

Events

.8 1.85 1.9

ground

After selection

40000

20000~

?8 1.85

RS Kr mass (GeV/c?)

1.9

?.8 1.85

WS Kx mass (GeV/c?)
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dedx 7 hyp

wn

(=]

0 5
dedx K hyp

dedx m hyp

Particles swapped

0 5
dedx K hyp

» OAM and PID cuts greatly clean
up the mis-assigned background.
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sis Strategy

Step 0: divide RS and WS candidates in 20 decay-time and
60 bins of Am =M (Knx)-M(Kmx)—M ()
= 2400 RS and WS Kx mass distributions.

Step 1: fit RS and WS Kr mass distributions to get the D° yields

Step 2: fit Am distributions to get D* yields

Step 3: measure the WS/RS ratio vs. proper decay time

Step 4: fit the WS/RS ratio to estimate the charm mixing parameters

Paolo Maestro Observation of charm mixing at CDF
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1: Kn

fits

» For each of the 1200 RS (WS) bins, a binned maximum likelihood fit to the M(Kmr) distribution

is performed to get the RS (WS) DO signal yield.

N x10° CDF Run Il preliminary, L=9.6 fb 100
2 800 0 . L2
2 [ —— Data D~ Kt 2
= 70 Fit total =
Q) 0 . o 80
5 600 D" — K n* 5
ol SRR Background ~
~Ned ~Nd
S 500 5 60
> >
= =

40

20

Lo S SR RNy Gl JRRp RN R AR e,

' 1.82 1.84 1.86 1.8 1.9 *192 9
M(K ") [GeV/c?]
RS (time-integrated Am-summed)

x10° CDF Run Il preliminary, L=9.6 fb
L * 0 + -

| —— Data D" =K'

 — Fit total

- — D= K'xw

ISR Background

8 1.82 1.84 1.86

1.88 19 I 1.92
M(K* ) [GeV/c?]

WS (time-integrated Am-summed)

* The signal shape is modeled by double-Gaussian with low-mass tail, background by an exponential.

* For WS, misidentified RS background is included.

« Signal shape parameters are fixed in each bin to RS t

ime-integrated values.
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Step 2: Am fits

» The D* signal for each time bin is determined from a 2 fit of the DO signal yield versus Am.

Events per 0.5 MeV/c?

+ The signal shape is modeled by double-Gaussian and an asymmetric tail function.

« Background is modeled by an empirical shape form extracted from data by forming an artificial random
combination of a well-reconstructed D° from each event combined with ry from other events.

« WS signal shape is fixed to RS signal shape.

%10° CDF Run Il preliminary, L=9.6 fb ' x10° CDF Run Il preliminary, L=9.6 fb '
o -
I Q I
25— D*-D'a*—> K ntnt —e— Data ; 35 - D*-D'axt—K'n ot —e— Data
N > a5
- —— Fit total s T F —— Fit total
- —— D* Dt > Kantat | W0 q0F —— D* D't > Kt
30 :
2 Background f - WS D* signal . Background
- g L[ 33%10% events
s 2 F (time-integrated)
B RS D* signal L 20 cos®o00®
- 7.6x108 events Rt
1= (time-integrated) 15
- 10— b
05k - Fake D* background
“r sk (D% + random rt  track)
0_ = i “'L;_‘,;;,,.............‘..._..................“.. I 0 1 1 I 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03
AM [GeV/c?] AM [GeV/c?]

Paolo Maestro Observation of charm mixing at CDF BEAUTY 2013



4

» Calculate the WS/RS ratio from measured

CDF Run Il preliminary, L=9.6 fb" D yields in each decay time bin.
u imi , L=9.

X

@y

<
[

——

} +++H
}+§*++* f}+

_IllllllllllllllllIII|IIII|IIII|IIII|ILII|IIII|IIII
o 1 2 3 4 5 6 7 8 9 10

t/t
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3: WS/RS ratio vs. decay time

» Calculate the WS/RS ratio from measured
D* yields in each decay time bin.

9 %107 CDF Run Il preliminary, L=9.6 fb ™
R [
s— T » But measured yields include the contribution
! of D* mesons from b-hadron decays
7_
5— H + + which modifies the time dependence of
i ' }} # the observed WS/RS ratio (R,,) w.r.t.
4~ pﬂ ¢ e WS
N N™ (1)
- R(t) =~ N/RS
3 l N (t)
S S R S R S S R R o |
t/t » Contribution from B hadron decays is

included in the WS/RS ratio fit.
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= DO produced from B decays have wrong proper decay
time, since it is calculated w.r.t. the primary vertex and
not from the B decay point.

Go ¥ Prompt production
primary vertex DO from PV

Secondary production
D% from B decay
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D* from B deca

Prompt production

primafy vertex DO from PV

e
A

.
.
.
.

’ d i
4 ol ) I
F N
L It

¢
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o ow
/pr(B) |
: | pr(D)
;’ _—’—__\
h'—

Secondary productior],,"'

D% from B decay

= DO produced from B decays have wrong proper decay
time, since it is calculated w.r.t. the primary vertex and
not from the B decay point.

* Due to the decay length of B hadrons, the D° (non-
prompt) from the decay chain B — D* X— D% have a
broader impact parameter (d,) distribution than D°

(prompt) originating from D* produced at the collision
point.

» Apply dy(D°) <60 um cut to reduce non-prompt.

CDF Run Il preliminary, L=9.6 fb ™

[
=]
(S

. Events per/10 um
2
l\\

]'|T|'| IIIIII|T| IIIII|T|'| \I\IIIII|T| IIIIII|T| IIII.

p—
=}
W

—e— Data
— Total

—— Prompt

----- Non-prompt

\
\

o

=]

p—

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
d, [cm] y

<
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4: WS/RS fit

The fraction R(t) is determined from a %2 fit to the data for R ,

4 0 2 I

r—R (¢
X2= i m(z) + CB(p) + CRB (h)
i=1 Gi
20 measured WS/RS Gaussian constraint Gaussian constraint on MC decay
k points r; with error o, on fg parameters (p) time distributions (h) of D* from B/
WS ws
R, =" DX R 0 g 14 (r)(RB 9 _ 1)]
N™=(t)+ Ny (1) R(t)
] 0.6 - CDF Run Il preliminary, L=9.6 fb B \
f 05; —: :ta; RSD°— Kx ngft) _ N;?S (t) \ / R (t) _ NE’S (t)
: P T NF+ NP (@) PEONB ()

0af-
- WS/RS ratio of non-prompt D°

Fraction of RS D* from B . b :
) Calculated by weighting R(t) with
SV MEEELRE Wei CEIE) i the decay-time distribution of

@distributions in each time-bin)/ @condaw D° from MC J

03—

02

0.1

Improved the technique pioneered by LHCb, PRL 110 (2013) 101802
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~$.\

Best fit, including the effect

———— Projection of the prompt
component of the fit, i.e. R(t)

of D* from B-decays

s T ol o SRR SRR - No-mixing fit (x’2=y’=0)
4_
3 l
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|II-II|IIII|IIII
0 1 3 4 5 6 7 8 9 10
t/t
Fit type x?/ndf | Parameter | Fitted values Correlation coefficient
X10—3 RD y/ xlz
Mixing | 16.91/17 Rp 3.51+0.35 1 -0.967 0.900
y' 43+43 1 -0.975
x'2 0.08 £0.18 1
No-mixing | 58.75/19 Rg 4.30 = 0.06
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Mixing significance

%107 CDF Run Il preliminary, L=9.6 fb B
> T , CDF Run Il preliminary, L=9.6 fb
- oL N 10
B \\ \‘\ [—]
30— RN = IO‘E No. pseudo-experiments 6.37e+09
- \\ ~ Q-
B \ss ] 7
- N "E 10
B 3 N
20— £ 10“E \\
- s \\
I o 105|_ ™
n ] E‘ .
v N
- & E Y
10— = IO‘E
i =
%]
[ g
B 0 5 events with
U Ax2> 41.84
- —1o F
- 80 10 E
r T30 1 | | | | | | |
_10__ ° Bestfit. o 5| L] |10| 1 |15| {441 |201 1 |25| 1 |30| ) |35| i |40| 45 %0
B + No mixing A X2
i | I | | | I | | I | | I I | | I I | | Il 1 1 Xlo-s
-2 -15 -1 -0.5 0 0.5
x*
p-value test: no-mixing hypothesis
Bayesian probability contours in (x’2=y’=0) is excluded with a probability
the x’2-y’ parameter space. equivalent to 6.1 Gaussian standard

deviations.
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Other systematics and checks

» Additional sources of systematical uncertainties include:
» Detector charged track asymmetries
» Uncertainties in signal shapes in Kx and Am fits
« Background due to D*— K-nt*x* and partially reconstructed charm decays
» Uncertainties in the shape of non-prompt component in d, fits which affect f; estimate
« MC decay time distributions of non-prompt D°

All these were found to be negligible compared to the mixing parameter errors.

» Mass distributions were simulated for different sets of mixing parameters.
For each set, the entire analysis procedure is performed.

The distribution of fitted parameters turned out to have mean values equal to the input
values within statistical accuracy.
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ONCIIISIONS

CDF confirms the LHCb observation of charm mixing.
No-mixing hypothesis is excluded at 6.1c level.

Experiment No-mixing
exclusion
significance
Belle 3.64+0.17 0.6%04 .o 0.18+0-21 . 2.0
Phys. Rev. Lett. 96 (2006)
151801
Babar 3.03%0.19 9.7x5.4 -0.22+0.37 3.9
Phys. Rev. Lett. 98 (2007)
211802
CDF (2007) 3.04+0.55 8.517.6 -0.12+0.35 3.8
Phys. Rev. Lett. 100 (2008)
121802
LHCDb 3.52+0.15 7.2¥2.4 -0.09+0.13 9.1
Phys. Rev. Lett. 110 (2013)
101802
CDF (2013) 3.5110.35 4.3%4.3 0.08%0.18 6.1

17

Paolo Maestro BEAUTY 2013



[ BACKUP SLIDES]




Collider Run Il Peak Luminosity

4.50E+32 4.50E+32
s00E32 so0Ee32 » Tevatron ended running on October
350622 s 2011, after 30 years of operation.
> 3.00E432 3 3.ooe§3z§
FREE Lz~ Peakluminosity increased almost until
- - P the very end, with typical values of
§ 1506432 A‘ - 1,5054325 3-5"1 032 cm-2 5-1
X Aap § A‘ o
1.00E+32 e 4 1.00E+32
5.00E+31 : 3 5.00E+31
0.00E+00 .M ................................ 0.00E+00
258080 808338384838388880000888888885ss=< P y I
8535350550208 0000000502008000822080558228 sty (D) .
DD-—DDO-—OOD-—DDOO-DOOO-OOD:;DDD-—OOD-—OOO'—DOD—OOC Lumln05| ]
APeak Luminosty #Peak Lum 20x Average 12000 } ’E
10000~ E
> p anti-p collisions at Vs=1.96 TeV ool ]
00:’ . Delivefed E
> >50 pb! collected per week O T aqired ;
o 0 900
20 " e e
: 1 A s 3000 e
~ 1000 — ——
» Delivered 12 fb-!' and recorded ~10 fb % 21’:’_"____‘,_,__ "
— -
’-:f;; e
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» Data collected by Two-track trigger (TTT) Q0
designed to select heavy flavour decays. L., measures
roper
» TTT requires two opposite charge tracks deiayptime
from a displaced vertex with 2p>5.5 GeV/c.
Each track is required to have:
* pr>2 GeV/c
0.1<dy< 1 mm
L,y > 200 um
2°<A(|)<90° beam spot : T
interacton 4o()
|T]|<1 2 vertex

|AZ,|<5 cm

displaced
vertex K

Ts

TRANSVERSE TO BEAM PLANE

» Selection criteria for D — hh’ candidate
« dy(D% < 60 um
. LXy/O'Xy >4

> A “soft” track is added to form a D* — D9 &
candidate. mg is required to have:

* 0.4<p;<2 GeV/c
* dy <600 um
* |z|<1.5cm 20

iy A == 3
— |
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» RS and WS DO candidates are divided in:

| 4 A
. M L
20 bins of tt t=—L2 Proper decay time
Range 0.75-10.0 o 2
M, =1.8648 GeV/c™ (PDG)

Bin of increasing size from 0.25 to 2

K‘L’=410.1 fs (PDG) Mean D lifetime )

* 60 bins of mass difference  Am=M(Knr)-M(Kmx)-M ()
Range 0-30 MeV/c?
Bin size 0.5 MeV/c2

» 1200 Kz mass distributions for RS (WS), one for each (t/t, Am) bin
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For each time bin, the prompt P and non-prompt P component of the RS signal are
determined by fitting the d, distribution.

These fits are used to determine fgRS(t) the fraction of D* (with d, < 60 pm) that come
from B-decays

60 um
NS fo Py (dy) d(d,)
RS RS 60 um 60 um
N™ + N, fo P (d,) d(d0)+f0 P, (d,) d(d,)

fB=

CDF Run Il preliminary, L=9.6 fb ™

0.6

The time dependence of f3RS is parametrized °

by a 4-degree polynomial 05
04
03

0.2

0.1

10
tit

<
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p-value test |

Toy MC: 6.37x10° pseudo-experiments.

In each experiment, the WS/RS decay
rate ratio vs. time is simulated assuming
no-mixing.

In each time bin, the WS/RS ratio is
extracted according to a gaussian
distribution with mean Rp=4.3%x103 (from
the constant fit to data) and sigma equals
to the error bar from the data.

Distribution of the ? difference between
the mixing and no-mixing fits for all the
experiments.

5 experiments gives a Ay? > 41.86 as in
the fit to data. The probability is

(7.9%33)x107"

CDF Run Il preliminary, L=9.6 fb !

10° No. pseudo-experiments 6.37e+09

[y
>
S

Pseudo-experiments per 0.2
s

.
<
w

°¥|ﬂ] IIII|TH| IIII|'|'|1|NIIII|'|'||] Illlmlliﬂ'l'ﬂmlmllllﬂﬂl IIII|TH| TTIT

[y
=}

[S=

5 10 15 20 25 30 35 40 45 50
A X2

0.09
which corresponds to a significance of (6-15410.08)0'
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=I1A3AS IN VVOS/EKDS Aalle TO hon=brombpr contamination

Let’s indicate with N* (N) the number of prompt (non-prompt) z = WS or RS decays reconstructed at a given
proper time ¢ (in unit of DY lifetimes). When the non-prompt component is not subtracted, then the measured
WS/RS ratio, Z,,, at a given decay time t, is:

P — NWS +Ng’s B N}}S NRS NWS NWS B N{-}S NWS NRS NWS (1)
mT N INB  NB N \NBNE TN ) TN N \N®NE TN
We define
NES NWS NYS Rs Ry

where f1¥ is the fraction of secondary decays in the RS sample; Z and Zp are the ratio of prompt D?s and non-

prompt D”’s from B meson decays, respectively; Ap is a time dependent bias due to secondary contamination.
One can rewrite Eq. 1 as

Re NRS
g‘m: B ('%NRS +%B)
NRS
= gs,@N —s 5 R = (1 —£5°) # + 5 R
B
rs (%8
=R |1+15" (o5 —1)| =2[1 - Ap] (2)
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Bias in WS/RS due to non-prompt contamination (cont.)

Reminding that Z(t) is a monotonic increasing function of ¢t and that for non-prompt decays the reconstructed proper
time, ¢, overestimates the true proper time of the D° meson, t (being t ~ tp +t' > t', where t g is the B meson decay
time), one has:

R(0) < Bp(t)=R({) < R(t) = 20) _ Z5(t)

20 =20 = vt ()

It follows that the bias in the evaluation of Z(t) when neglecting the non-prompt contribution in the WS/ RS ratio,
Apg(t), is bounded from the upper side:

Maximum bias

+ The maximum bias can be calculated by estimating (from data) the fraction fg of secondary decays in the
RS sample as a function of time.

+ To calculate the actual bias, we also need to know the non-prompt WS/RS ratio (Rg(t) in eq. 2). This can be
estimated from MC. We named it MC bias in the next slides.
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I
Modified KZ function for WS/RS fit

20 r—- R(t )( —A (f ) 4 4 100 2
X = + )+
_ J#empty
W[ R)|1- fB<t>( R((f)) N :
o A 33000 0-0)+3 ( ]
2 _ S I _R(ti)+R(ti)f3(ti)_RB(ti)fB(ti):|2 QX —H N )2
jempty

t t x'2+y'2(t)2 . .
RlEN=R +. /R vIZ |+ _ Mixing function
(r) b TN (r)

4 T
l;l..R(t'.) We can estimate Rg (i.e. non-prompt WS/RS ratio) in each time-bin i (we are using for
/ data) from MC.

M For each time-bin i, we use the MC histogram h;; of the non-prompt DO decay time t’ (to
E B-vertex), binned in M bins (j=1,..,M=100).

h are nuisance parameters, gaussian constrained to the counts h; of the MC histograms, with statistical error
Ah We have 907 parameters corresponding to non empty h; blns
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vioailtied < Tunction 1or WS /KS TIt (conNt. |

* r; are the 20 measured WS/RS points with error o;

* py (k=0, ..., 4) are 5 parameters used to model the time dependence of the secondary fraction fg.

* 'V, is the covariance matrix of the parameters p,

* 0, are nuisance parameters, gaussian constrained to the values (p,) from sec. fraction fg vs. time fit
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