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Mixing of neutral mesons: idea

Behavior of Neutral Particles under Charge Conjugation

M. GELL-MANN,* Depariment of Physics, Columbia University, New York, New York
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A. Pais, Institute for Advanced Study, Princeton, New Jersey ‘
(Received November 1, 1954)

Some properties are discussed of the €°, a heavy boson that is known to decay by the process "—nr 47",
According to certain schemes proposed for the interpretation of hyperons and K particles, the 6 possesses an
antiparticle & distinct from itself. Some theoretical implications of this situation are discussed with special
reference to charge conjugation invariance. The application of such invariance in familiar instances is
surveyed in Sec. L. It is then shown in Sec. II that, within the framework of the tentative schemes under
consideration, the ® must be considered as a ‘“particle mixture” exhibiting two distinct lifetimes, that each
lifetime is associated with a different set of decay modes, and that no more than half of all #’s undergo the
familiar decay into two pions. Some experimental consequences of this picture are mentioned.

Phys. Rev. 97 (1955) 1387

e Known: K° (8% can decay to -

e Hypothesis: K° has a distinct anti-particle K°

e Claim: K° (K% is a “particle mixture” with two distinct lifetimes, each lifetime has

its own set of decay modes
2
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Mixing of neutral mesons: formalism

e Time-evolution described by Schrodinger’s equation
% ’fg(t» _ (M M2\ v (T T (’Eg(t»)
t \|P (t)) My Moo 2 \I'Ty T2 [P (t))

e Eigenstates can have different masses and decay width

‘PL,H> :p’PO> T q,PO> Where = 12 3 12
M12 — §F12
Am mg —1mrp, FH NG
€Xr = — = 7
r (Tue+Tr)/2 zr B

e |[f CP is conserved, g and p are real, i.e. |g/p| = 1 and ¢ = arg(g/p) = 0



Mixing of neutral mesons: phenomenology

Blue line:
given a P9, at t=0,
the probability of
finding a PO at t

Red Line:
given a P9, at t=0,
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Mixing of neutral mesons: phenomenology
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What about charm?

e Charm mixing “known” since 2007

g 1 _5 % ........................................... CPV allowed
* As of November 2012, no single 50 [
observation |
e No-mixing excluded at ~100 when
all results are combined

e So far no evidence for CP violation in
charm mixing

o After years of dedicated experimentS, _05;_| ........ e .|. ........ S | R |. ........ ..lg(cjy
LHCb can now probe the charm 0.5 0 0.5 1 1.5

sector with unprecedented precision



Why is charm interesting”

e | ow standard model rate, potentially a powerful probe

for new physics

e Small contributions from box diagrams

e b loop CKM suppressed < |VubV*ep|?« 1
e s, d loops GIM suppressed < (m2s-m23q4)/m2y~0

¢ | ong-distance effects important (and difficult to

calculate)

e Charm is the only up-type quark where we can look

for flavor/CP violation

"W

¢ |n the standard model the largest flavor/violating effects appear in the down
sector, no reason this should be true if new physics is present at the

electroweak scale



Prediction

“Charming puzzle”

|x| or |y|

1.00E+00
1.00E-01

1.00E-02_ -
1.00E-03 +
1.00E-04 -
1.00E-05 +
1.00E-06 +
1.00E-07 +
1.00E-08

1.00E-09

Reference index [arXiv:hep-ph/0611361]
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1.00E+00
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1.00E-06 |
1.00E-07 +

1.00E-08 +

1.00E-09

NP

e Observed mixing rate is on the upper end of most standard model

predictions

e Could be interpreted as a hint for the presence of new physics

e More precise measurements (and reliable theory calculations) are

needed to clear the picture

anfeA PanIesqQ
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Charm mixing: experimental status

From HFAG page:
DY — Ktna—
DY s hth—
DY s gt 70
DY - K nt2nm™
DY — th h
DY s KTy u
(3770) — DYDY

JHEP 04 (2012) 129
2010 data

= mixing probability > 30
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Charm mixing: experimental status

From HFAG page:

DO — K+ﬂ_—
D' — hth™
DY — Kt 7Y
D° — Ktr2n™
D° — Kgh'h™
DY — KT v
(3770) — DYDY

JHEP 04 (2012) 129
2010 data

PRL 110 (2013) 101802
2011 data

* = mixing probability > 50
= mixing probability > 30
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Charm mixing with D= K+

e Exploit interference between mixing and doubly-Cabibbo-suppressed
decay amplitudes
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e Assuming [x|,ly|<<1 and no CPV
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=Xperimental apparatus
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When “charm is more than just beauty”

At the LHC charm production is ~20 times more abundant than beauty:

o(pp—ccX) = 1419 + 134 b *

a(pp—bbX) = 75 + 14 pb ** @ 7 TeV and in LHCb acceptance

The LHC is effectively a c-hadron factory!

* Nucl. Phys. B 871 (2013) 1
** Phys. Lett. B 694 (2010) 209
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Hadronic charm
decays at LHCb
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Hadronic charm
decays at LHCb

K
DO
D L
Ta"\ﬂs

Silicon Vertex Locator:
20 um impact parameter resolution,
corresponding to ~0.1T decay-time
resolution for a 2-body charm decay
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Hadronic charm
decays at LHCb

DO
D P
?\q'rs

Silicon Vertex Locator:
20 um impact parameter resolution,
corresponding to ~0.1T decay-time
resolution for a 2-body charm decay

Excellent tracking:
Ap/p = 0.4-0.6% at 5-100 GeV/c,
corresponding to ~8 MeV/c? mass
resolution for a 2-body charm decay
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Hadronic charm
decays at LHCb
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RICH detectors:
K-Tt separation in wide
range of momentum

Silicon Vertex Locator:
20 pm impact parameter resolution,
corresponding to ~0.1T decay-time
resolution for a 2-body charm decay

Excellent tracking:
Ap/p = 0.4-0.6% at 5-100 GeV/c,
corresponding to ~8 MeV/c? mass
resolution for a 2-body charm decay

Magnet
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LHCb trigger on hadronic charm decays

[ | HC rate ~ 15 MHz J cc fraction ~ 10%

s 2

( Hardware Er trigger ~ 1 MHz J cc fraction ~ 50%

No possibility of an inclusive charm trigger!

Use exclusive triggers tuned for the needs of specific
analyses to deliver high signal efficiency and purity

[ High pT, IP track ~ 80 kHz J efficiency ~ 50%

s 2

[Exclusive D—hh/3h/4h ~ 2 kHzJ efficiency ~ 50-90%

13




LHCb trigger on hadronic charm decays
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Analysis
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Analysis outline

e Assume CP conservation
e Strategy similar to CDF’s analysis:

e Count WS and RS events in bins
of decay time

e separate signal from
backgrounds

e Fit the ratio of yields vs decay
time

e flat? no mixing

e not flat? mixing

0.01

0.008

0.006

0.004

0.002

Phys. Rev. Lett. 100 (2008) 121802

- CDF
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t/t
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D*—=DY(—=Km)rt signal vs backgrounds

backgrounds
: singly doubly 0
signal  misD mis-ID  multibody ra;ejc')ra S+Oﬁ 3 random
2-body (swapped) decays on tracks
decays Krt decays P
18 185 1.9 1.8 185 1.9 1m 1%1.9 18 185 1.9 1.81.8“
DOrts
Mass

2.01 2.615 2.02 - 2.01 2.615 2.02 2.01 2.615 2.02 2.01 2.015 2.02 201 2.015 2.02 2.01 2.015 2.02
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D*—=DY(—=Km)rt signal vs backgrounds

backgrounds
: singly doubly 0
signal  misD mis-ID  multibody ra;ejc')ra S+Oﬁ 3 random
2-body (swapped) decays on tracks
decays Krt decays P
18 185 1.9 18 185 1.9 1m 1%1.9 18 185 1.9 1.81.8“

2.01 2.615 2.02 - 2.01 2.615 2.02 2.01 2.615 2.02 2.01 2.015 2.02 201 2.015 2.02 2.01 2.015 2.02

Cut tight on PID and D° mass to reduce physics bkg and fit D°rs

mass, then consider only signal and random pions in the fit
16



Time-integrated vields
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Time-integrated vields

x° . . ox
1.2__1 I I 1 & 10__1 I I ]
1: LHCb ﬁ * RS data % - LHCb * WS data
- . . 8- . -
i — Fit . 2 : — Fit
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0.6F + 1 2
i + =S4
04 = I
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O
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-
\®

2.015 2.02
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2.005

2.005 2.01 2805 2.02 2.01
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S F constraining D°rts vertex to measured :
Oﬁl.lv'l‘lllpm'lfﬂ'rd["“ position of primary vertex allows :

mass resolution of ~0.3 MeV/c?
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Time-dependent fit strategy

® In each decay-time bin

1. Fit RS sample to
determine shape’s
parameters

2. Fit WS sample with
signal shape fixed to
RS and bkg shape
free to float

3. Calculate WS/RS
ratio from measured
yields

18
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Pseudo-experiments

x10° x10”

x ~F LA L B L g 5 L L L
7 * Pseudo-data 75 * Pseudo-data .
6.55— — Mixing fit E 6.5F — Mixing fit I E

6F - No-mixing fit g 6 No-mixing fit E
5.5F E 5.5f 3
5F - sk E

45
4F
3.5
3

LHCb

1 1 1 1 1 1 1 1 1 1 1 |/ /I 1 L]
0 2 4 6 20
t't

y' [%]

150 LHCb
Pseudo-data 1

y' [%]

1.5; LHCb _
C Pseudo-data 7

No mixing simulated
=

1 1 ~9.70

World average mixing simulated

s + No-mixing i
-0.5 C C e ]
[ 0.5« Input value R B

_1:' I T W R N TN T T SN ' ||| L] K .
01 005 0 005 L NS I T I R A
-0.1 -0.05 0 0.05

X% [%]

Measurements on pseudo-experiments indicate that the
fit procedure is stable and free of any bias
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Systematics

e Most systematic cancel in the ratio between WS and RS events

e The main sources of systematic uncertainty are those which could alter
the observed decay-time dependence of the ratio:

e charm mesons from b-hadron decays
e backgrounds from mis-identified charm decays which peak in M(D°rs)

e These effects are expected to depend on the true value of the mixing
parameters and are accounted for in the time-dependent fit

20



Secondary D decays

e D from B decays have wrong decay time

® Neglecting the secondary component could induce a time-dependent bias on
the measured WS/RS ratio:

NWS(@)+ NY° R Rp(t)
R™(t) = NRSE:'; 1 Ngs((tt)) = R(t) {1 — Bs(t) _1 R(g)_ }
where
S
gS(t) Ngs(t) RB (t) _ N‘év (t)

T ONES(t) + NES(t)°

21



Measuring fgRS(t)

e cT(B) = 450 pm, D from B have
non-zero impact parameter

K

- T

e Cut on X?(IP) removes most of them
but still ~3% of our candidates are
likely to come from a B decay

e Fit log x(IP) vs decay time and
extrapolate fraction below cut

e Secondary shape estimated from
events reconstructed also as
B—D*(3)rt, B—»D*uX or B—D%uX

22
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Measuring fgRS(t)

e cT(B) = 450 pm, D from B have
non-zero impact parameter

X 5 K
PA o T

e Cut on X?(IP) removes most of them
but still ~3% of our candidates are
likely to come from a B decay

e Fit log x(IP) vs decay time and
extrapolate fraction below cut

e Secondary shape estimated from
events reconstructed also as
B—D*(3)rt, B—»D*uX or B—D%uX
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Sias from secondary D decays

mO.OOB"'|"I|III|II|

Rp(t) " World avera : /
_ rRS B ge ; i
AB(t) — JB (t) {1 R(t) } o.oo7— vv|th 68% CL band N

e R(t) is a monotonic increasing function and 0.0061

for secondaries t > t' (real decay time), then -
0.005

R(0) = Rp < Rp(t) = R(t') < R(1)

0.004

e The bias is bounded by 0_00302'”./ R WIS P .1'0
_ R _
0 < Agp ) |1
( ) B ( ) _ R(t)_
¢ The contamination fraction is small enough

that we can assume the maximum bias in
the time-dependent fit




Peaking background

e Mass fits do not distinguish between
signal and backgrounds which peak in
M(D°rs)

e Such backgrounds are highly
suppressed by tight PID cuts and
reduced D°® mass window

e Dominant residual contamination is from
(0.4+0.2)% doubly mis-identified RS
events in the WS sample

e (Un)observed time-dependence is
iIncluded as a possible bias in the fit

o
o

N

S—

0.15
0.1

005

N£5(double mis-ID)

Data LHCb

Linear fit with ]
68% C.L. band 7

Constant fit

data sideband enriched /T
IN double mis-ID 24



Results
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Results

Nws(t "2 4y
R(t) = 'WS():Jﬁ)+ Rpy't + Y42
3 Ngrs(t) 4
o x10 | | | |
SR L L L B B AL =~ S T ]
7 * Data § o]s . h
6.5F — Mixing fit E S LHCb
OF - No-mixing fit - 1.5F .
5.5F : E
: ] i : §
5 - E -
o : 05f 50 -
A 2 _E - 3G
F . oF —lo + -
3.5E LHCb - + No-mixing
3E, | L1 | YRy —— _0'5'_.|....|....|....|._
0 2 4 6 20 -0.1 -0.05 0 0.05
tt X% [%]
Fit type Parameter Fit result Correlation coefficient D
(XQ/ndf) (10—3> Rp y/ 7' NO-mIXIﬂg
Mixing Rp 3.52 £0.15 1 —0.954 +0.882 hypothesis
(9.5/10) Y 724+24 1 —0.973
2" —0.09+0.13 1 excluded at
No mixing Rp 4.25 + 0.04 O10

(98.1/12)
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Few months after LHCD...

e ...also CDF presented an observation
of charm mixing using WS D°— K+~
decays

e Full Tevatron Run |l dataset

e Signal yield comparable to LHCDb,
but worse signal-to-background
ratio

e No-mixing excluded at 6.10

15
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http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf
http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf

Comparison between available measurements

e | HCb measurement nicely agree with § SR L L
other experiments — 2F -
e Results dominated by statistical >\1.5:— -
uncertainties 1 : :
e Fit with no systematics estimates 16 LHCH
6%, 10% and 11% smaller 05F o loBaBar  NM T
uncertainties on Rp, y’ and x’?, o 1o Belle R
respectively - - 10 CDF T
05F - No-mixing R
T TN TN SN O N SRR SO NN TR AN SO SO S S N
Experiment Rp (1073) 3 (1073) 2# (107%) -0.1 -0.05 0 0.05
BaBar 303+£019 97+54 —22+37 x'% [%]
Belle 3.64:£017 06755 L8755 BaBar: Phys. Rev. Lett. 98 (2007) 211802
CDF 3.01 £0.35 4.3 +£4.3 0.8+1.8 Belle: .Phyé/. Ilz%ev. Lett. é6 (2006) 151801
LHCb 3.524+0.15 72+24 -—-09+1.3 CDF: Public Note 10990
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http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf
http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf

Impact on world average

| CPV allowed

= (0.63 £ 0.19)%
=(0.73 £ 0.11)%
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Impact on world average

0.5

1.5 + LHCDb result = vaaﬂowfd

.....................

courtesy of A. Schwartz X (%)

= (0.63 £ 0.19)%
=(0.73 £ 0.11)%

+ LHCDb result

=(0.48 £ 0.18)%
=(0.76 =+ 0.10)%



Impact on world average

2 1.5 .m ------------------------------------------- | CPV allowed
> | R — (0.63 + 0.19)%

X
y=(0.73 £ 0.11)%

+ LHCDb result

X =(0.48 + 0.18)%
y=(0.76 + 0.10)%

5 g | 5 Current HFAG average
0 N S . ___________________________________________ ___________________________________________ .| (new CDF result notyet included)

(0.49 + 0.18)%
(0.74 + 0.09)%

X
y
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Conclusions

e Charm physics is a unigue probe of beyond-standard model flavor effects, quite
complementary to tests in K and B systems

e |t is quite plausible that new physics contributions affect mostly the up sector

e Presented the first observation of charm mixing from a single measurement

using D= K*mt~ and D°—=K-1t* decays reconstructed in 1.0 fbo~! of LHCb data
[Phys. Rev. Lett. 110 (2013) 101802]

e The measured values of the mixing parameters are compatible with and have
substantially better precision than those from other measurements

e | HCb will soon start challenging the standard model with many precision
measurements of charm dynamics...
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—Xpect more charm to come...

Recorded luminosity more than doubled during 2012 data-taking...
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stay tuned for new results to come
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BSackup slides
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Arbitrary scale

Definition of

DTt mass

e No mass hypothesis for D final state

particle

e Equivalent to Am when mass hypo is

correct

e 2-body decays have same Mp+ but
different Am distributions

M(Dr,) =\ E}. — .
Ep. = (mpo + ppo) + (mz +97,)
Pp+ = Ppo + Pr,,
ppo =P +p-.
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http://inspirehep.net/record/944861?ln=en
http://inspirehep.net/record/944861?ln=en

Other (neglected) systematics

candidates

ARp Ay’ AX’?
Asymmetries In
detection or | <0.0010 <0.0010 <0.0010
production
VELO length 0 0.0030 0.0010
scale
Multiple 0.020 0.060 0.070
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=Xperimental assumption

e The acceptance/efficiency for WS events is the same as for RS

}%Obs _

e valid up to terms that are quadratic in detection/production

asymmetries:
obs obs
N WS+ Ny

obs obs
]VQ%S%— ]VQ%S——

- Ap)(1 = 0kr)(1 +0x,) + (1 — Ap)(1 + dkr)(1 — 0r,)

:R(l_

(14+ Ap)(1 4+ dxx)(1

_.5WS)._

- (1= Ap)(1 = 0kx)(1 = 0x,)

~ R (1 —2Apdgr — 20K,0,. + products of four asymmetries),

e corrections are O(104) then completely negligible
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New HFAG average

NB: new CDF result not yet included

r = (0.4970715)% lq/p| = (0.697014)%

Yy = (0.74 T 0.09)% ¢ — (—29.6__@:?)0

> April 2013

Arg(g/p) [deg.]
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02 04 06 08 1 1.2 14 16 1.8
lg/pl
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New HFAG average

NB: new CDF result not yet included

Parameter No CPV No direct CPV CPV-allowed CPV-allowed 95% C.L.
z (%) 0.49 712 0.46 + 0.18 0.49 79 1% (0.10, 0.81]
y (%) 0.66 + 0.09 0.67 +0.09 0.74 4+ 0.09 (0.56, 0.92]
6 (°) 10.8 7193 11.471102 19.5 58, [—9.6, 35.4]

Ry (%) 0.347 + 0.006 0.347 + 0.006 0.350 F9 006 0.337. 0.362]
Ap (%) —~ - 2.6 £2.2 (—6.9, 1.7]
q/p| - 1.04 000 0.69 011 0.44, 1.07]
b (°) - ~1.6151 -29.6 752 (—44.6, —7.5)
e (°) 21.3 7233 22.9 237 25.1 1225 —20.6, 69.2
A —~ - 0.16 + 0.21 —0.25, 0.57
A —~ - —0.16 £ 0.20 —0.56, 0.23]
19 (%) — 0.46 +0.18 - (0.10, 0.80]
Yo (%) — 0.67 £ 0.09 - (0.50, 0.85]
b1(°) -~ 48122 -~ [—11.7, 35.9]




Time-dependent fit configuration

ity 01l0) = (” = s Rp(ti)) +Xb + X0
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Cross-checks

e \We perform the measurement in statistically independent sub-samples of the
data and find consistent results

e different data-taking periods,

 magnet polarities,

e number of reconstructed primary vertices

e Also use alternative decay-time binning schemes or alternative fit methods to
separate signal and background, and find no significant variations in the
estimated mixing parameters
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