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Introduction [1] JINST 3 (2008) S08005

The LHCb detector

Ecar HCAL

SPD/PS M3 250mrad |
Magnet RICH2 M| \
T

Single-arm forward spectrometer with acceptance 2 < n < 5, designed for
high precision measurements of decays involving b and ¢ quarks!!.
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Introduction [2] 2014 JINST 9 P09007

The Vertex Locator

EcaL HCAL <i5, M3
SPD/PS M3 ~250mrad
Magnet RICH2 M) 2
s

Provides fine tracking about the interaction point, achieving impact
parameter resolutions of ~20 um for tracks with pr > 1 GevEl.
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Introduction [3] Eur. Phys. J. C73 (2013) 2431

The Ring Imaging Cherenkov detectors

Magnet

Two RICH detectors provide particle identification, with excellent
separation of 7t and K over a wide momentum rangel3l.
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Introduction [4] Int. J. Mod. Phys. A 30 (2015) 1530022

The tracking stations

gcar HCAL

M5
SPD/PS g A

~250mrad
Magnet

Tracking stations before & after the dipole magnet achieve
momentum resolution of ~0.5-0.8 % 4.
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Introduction [5] Nucl. Phys. B 871(2013), 1

Data sample

=— 25
0
2 2012: 4+ 4 TeV 2012
- s Delivered Luminosity 2.21 fo!
o b |/ Recorded Luminosity 2.08 fb! g
(] 2011: 3.5+ 3.5 TeV
> . Delivered Luminosity 1.21 fb!
> Recorded Luminosity 1 10!
e 2010: 3.5+ 3.5 TeV
> 1.5F - Delivered Luminosity 0.04 fo™! -1
.‘ﬁ Recorded Luminosity 0.04 o'
[}
£
E T
=]
-
o
@ 0.5
-
©
o
£ o :
= Apr Jun Aug Oct Dec
Date

e Integrated luminosity of 1.0 fb~! recorded at /s = 7 TeV in 2011
and 2.0 fb~! at /s = 8 TeV in 2012.

e Huge cC production cross-section (1419 + 133 ub at /s = 7 TeV [4)
yields largest data sets of charm meson decays in the world.
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Introduction

The DO system

The only heavy, neutral meson comprised from up-type quarks - unique
system in which to study CP violation.

Due to the form of the CKM matrix, CP violation in charm is strongly
suppressed:

Vud Vus Vub
VCKI\/I = Vcd Ves Vcb
Viae Vis Vi
1— I\ A AX3(p — in)
= -2 — N2 AN + 0\,
AN(1 —p—in) —AN2 1

A~023, A~08l, p—in=~0.14— 035/
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Introduction [6] Eur. Phys. J. C73 (2013) 2373

Direct CP violation

Defining

A = (FIH|DO), Ar =
— (FH|D°), Az = (FIH|DO),

direct CP violation is quantified by

The Standard Model (SM) predicts direct CP violation in DY decays to be
O(1073) in D°— K*tK~ and D — wtm— [6],

M. Alexander (University of Glasgow) CP violation in D% — hh EPS 2015/07/24 10 / 28


http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-013-2373-2

Introduction [7] Phys. Rev. Lett. 111 (2013) 251801
Mixing
The mass eigenstates of the D® meson are superpositions of the flavour
eigenstates
IDu) = p|D%) + /D%
L,H p q )

with masses my | and widths 'y ;. Here p and g are complex, satisfying
P +1q* = 1.

The rate of mixing is quantified by

_ 2(mH—mL) y = FH—FL
T+l Th+TL

DO mixing now firmly established experimentally, though uncertainties are
still relatively large [].
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Introduction [8] JHEP 03 (2010) 009

Indirect CP violation
CP violation in mixing is quantified by

2
-1

mix
cP —

T IQ

For a final state accessible to both D% and D° CP violation can arise from
interference between mixing and decay, which is quantified by

qAr
P/Z\f
_ ‘ qAr
P/‘Tf

Af

ei¢.

Such indirect CP violation is predicted to be O(10~*) in the SMI®].
Observation of larger CP violation would be a strong indication of new
physics.
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ﬁ

Introduction

Current LHCb measurements of D— hh() decays

“A search for time-integrated CP violation in D° — K*K~ and D°— m*n~
decays’ - D**-tagged AAcp with 1 fb~! (LHCB-CONF-2013-003-001).

“Measurement of D°-D° mixing parameters and search for CP violation using
D°— K7~ decays’ - D**-tagged, 3 fb~! (Phys. Rev. Lett. 111 (2013) 251801).

“Measurements of indirect CP asymmetries in D®— K+tK~ and D — w7~
decays’ - D**-tagged Ar with 1 fb~! (Phys. Rev. Lett. 112 (2014) 041801).

“Measurement of CP asymmetry in D® — KTK~ and D° — 7"nt~ decays” -
ut-tagged AAcp with 3 fb? (J. High Energy Phys. 07 (2014) 014).

“Search for CP violation in DT — KSK* and DI — K%nt decays” - Acp with
3 fb~! (J. High Energy Phys. 10 (2014) 025).

“Measurement of indirect CP asymmetries in D® — KTK~ and D°— n"n~ decays
using semileptonic B decays” - u*-tagged Ar with 3 fb~* (JHEP 04 (2015) 043).

“Measurement of CP asymmetry in D° — K3K% decays” - D*i—tagged Acp with
3 fb~! (LHCb-PAPER-2015-030 (in preparation)).
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Direct CP violation in D® — KOK9 - NEW!
(LHCb-PAPER-2015-030 (in preparation))
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Direct CP violation in D% — KAKY [9] Phys. Rev. D63 (2001) 071101(R)

Background

e Dominant diagrams for D% — K°KO largely cancel
(Vea Vg =~ — Vs Viss), so final state is predominantly reached through
final state scattering 7t~ — K°K® and K*K— — KOKO.

o Interference can enhance the direct CP asymmetry to O(1072).

e Only previous measurement from CLEO found[®!

Acp(D? — KOKO) = (23 + 19)%.
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Direct CP violation in D® — K3KY [10] LHCb-PAPER-2015-030 (in preparation)

Methodology

e Reconstruct D% — K2K9 with K¢ — ntf7t~ - no final state detection
asymmetry.

e Use D** — DOntf to flavour tag the D using the charge of the soft
pion, 7t}

e Control channel D? — K~7t* used to assess D** production and 77
detection asymmetries.

e Exclude background from D® — K%t~ by applying decay-time cut
to K9 candidates.

e Combinatorial background reduced with MVA selection using
candidate kinematics, decay times, geometry and decay-tree fit
quality.
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Direct CP violation in D? — KgK%

Candidate classifica

Upstream track
’

/

-

-
Longtrack T

e
~.

————

K¢ candidates are separated according to where in the detector they
decay, within the VELO (Long) or downstream from the VELO
fficiencies and detector

(Downstream), due to different detection e
resolutions.
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Direct CP violation in D® — K3KY [10] LHCb-PAPER-2015-030 (in preparation)

Data fits

gyl T AL T T] o T L T T]
%, 50FLHCb Preliminary LL 4 % 50FLHCbPreliminary LL A
= F —— Data p= 5
& 4or — Total fit & 4oF E
=2 r - Signal =) r ]
% 30 ] - Background % 30 B
g 20F g 20F E
= E = . ]
10F 10F .

£ | - 1 0_ ‘7;- t |++ ]

140 145 150 155 140 145 150 155

Am [MeV] Am [MeV]

e To improve mass resolutions, K¢ candidates constrained to world
average K2 mass, and D° constrained to originate from the position
of the p-p collision.

e Fits to distribution of Am = m(D**) — m(D°) finds ~630 signal
decays.

e Shape parameters shared between data subsamples with yields

determined independently.
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Direct CP violation in D® — K3KY [10] LHCb-PAPER-2015-030 (in preparation)

Results & systematics

e Using full 3 fb~! run | dataset, weighted average of asymmetries on
subsamples gives (preliminary)

Acp(D® — K°K9) = (—2.9 £5.2+2.2) %.

e Systematics arise from accuracy of fit model and D° production and
7t detection asymmetries.

e Significant improvement over previous measurement, though with no
indication of CP violation.

e New dedicated trigger lines for run Il will greatly improve efficiency &
sensitivity.
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Indirect CP violation in semi-leptonic-tagged D — h*h~
(JHEP 04 (2015) 043)
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Indirect CP violation in semi-leptonic-tagged D® — h™h~ [11] J. Phys. G39 (2012) 045005

Background

e CP asymmetry of the average decay time of an initial state of D° (D°)
(“effective lifetime") decaying to a CP eigenstate f defined asltl

F(D° — f) - F(D° — f)
F(DO — f) + (D — f)
& nep {( "”X/2 — ACP> ycoso — xsing| ,

with [ the inverse of the effective lifetime and ncp the CP eigenvalue
of f (=1 for K"K~ and m"n™).

e Sensitive to CP violation even in the case A’gg = Ad’,fD = 0 through
the interference phase ¢.
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Indirect CP violation in semi-leptonic-tagged D® — h™h~ [12] JHEP 04 (2015) 043

Methodology

Reconstruct D® — K+K~ and D — ntm—.

Flavour tag using B— D%u™X, with charge of u~ giving flavour of
DO.

Minimise combinatorial backgrounds with cut based selection using
kinematic and decay-tree fit quality variables.

Fit DO mass spectrum in bins of D° decay time to determine yields
and calculate

; t
Acp(t) ~ A(é'l;; — Ar;7

with 7 the world average DY lifetime.

Measured value of A‘Z-’;,’D here includes production & detection
asymmetries.

Selection efficiency vs decay time cancels in Acp(t), assuming no
decay time dependent detection asymmetry.

Mistag rate cancels similarly and only reduces sensitivity slightly.
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Indirect CP violation in semi-leptonic-tagged D® — h*h~ [12] JHEP 04 (2015) 043

Data fits
x103 T T & XI:L()3 T
giﬁg: LHCb ~Data 3 2 LHoD ~Data ]
% —Total fit % —Total fit
3 sof FComb-bkg- 3 3 gof 1 Comb. bkg
£ & 1 B Krtbkg.
S 40 E-
8 20 j R
% R O s ey
E Oh'rrrh'.“"iJr‘f‘n‘r'r"vf'rA—hﬁ*"l‘l'fH E Ottt gl e Aty B Ay .
’ 1850 1900 1800 1850 1900
M(K'K*) [MeV/c? M(TTTT) [MeV/c]

e Time integrated fit determines shape parameters, which are then fixed
for fits in decay time bins.

e D? and DO candidates are fitted simultaneously to determine the
asymmetry directly.

e Fits find 2.34M D° — KTK~ and 0.79M D° — 7t 7t~ signal decays.
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Indirect CP violation in semi-leptonic-tagged D® — h*h~ [12] JHEP 04 (2015) 043

Results & systematics

S 15F LHCD j +baa 4 ¥ 15F LHCb j +Daa 4
58 E DL KK* — Linear fit 58 10F DO 1e7t 7:?0%1;;1}
5 5F } + E
. + _
_ 5 _ 5 } t t t
z o 3 ofF b=
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
t[fs] t[fg]

e Using full 3 fb~! run | dataset, yields

Ar(KTK™) = (—0.134 £ 0.07773:33%) %,
Ar(mt ) = (—0.092 £ 0.14570:033) %.
e Cross check on D% — K—7t* yields Ar(K~7tt) consistent with zero.

e Systematics well understood, should scale with statistics for run Il.
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Indirect CP violation in semi-leptonic-tagged D% — hth— [13] HFAG April 2015

Averages

HFAG-charm

0.010 Winter 2015

0.005

0.000

dir
Aa’CP

—0.005

—0.010

Contours contain 68

—0.010 —0.005 0.000 0.005 0.010

kal
acp

HFAG averages find[!3]
—Ar ~ a8 = (0.058 + 0.040) %, AaZt = (—0.257 +0.104) %,

where Aadt ~ Acp(KTK™) — Acp(mrn), with a p-value for CP
conservation of 1.8 %.
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[10] LHCb-PAPER-2015-030 (in preparation)
[12] JHEP 04 (2015) 043

Conclusions
o New world best measurement (preliminary)[9:
Acp(D® — KIK9) = (—2.94+5.24+2.2)%.

e Further constraints on indirect CP violation!*2 :

Ar(KTK™) = (—0.134 £ 0.07773:92%) %,
Ar(ntm) = (—0.092 £ 0.1457502%) %.

e LHCb measurements constrain CP violation in D®— hth~ decays at
1 x 1073 precision, no evidence for CP violation yet.

e Complementary D*T and semi-leptonic tagged samples exploited for
maximum sensitivity.

e Run Il data, with many improvements in triggering, will yield
sensitivities of O(1074).

e Upgrade will give a further order of magnitude in statistics.

e Huge potential for discovering CP violation in the D° system, and
perhaps new physics.
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Thank you

‘V

Event 41383468
Run 153460
Wed, 03 Jun 2015 11:52:09
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D? — KK? subsamples

category description

LL both K? are of category long, candidate did not pass the dedicated trigger
LLtrig both K? are of category long, candidate did pass the dedicated trigger
LD one K is long, the other one is downstream
DD both K? are downstream
Category N7 N- Acp
LL 8611 86112 0.00 =0.09
LLtrig 96+11 99+11 -—-0.02=x0.08
LD 82+14 83£13 -0.00x£0.11
DD 20+14 66+14 —-0.39=£0.23

Dedicated trigger existed only for LL combinations in 2012 but not 2011.
Run I adds trigger lines for LD and DD.
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D% — KK LL and LLtrig Am

fits

~ T T T n o~ T T T
% SOFLHCb LL 4 % S0FLHCb L
E —— Data E
& 4r —— Total fit q 4
e Signal e
E 30r ----- Background % 30
£ 2 1 £ »

3] 53]
10F i 3 10
i i 1
140 145 150 155
Am [MeV]
—~ 1~ 70
= Liwig | = [HCb | Litrig
p= 3 3= 3 E
& sof 1 & sof E
IS =%
< wof 1 I wf 5
3 F EI
B O30F 4 B 30F *
E E ] E
M g0F E 3
10f 3 10f 3
F /. e ot B, A ]
140 145 150 155 140 145 150 155
Am [MeV] Am [MeV]
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DO~ KK LD and DD Am fits

SE s 45
& “Eluo w 1 5 LHCb I
o 40F 1 B 4of E
p= E —— Data E
o 35E ) ;n 35
bt} 30 —— Total fit A 2
S - Signal =2
; 25? 1 ---- Background \w 25
2 b g g %
2 =
43 E mo1s
E 10
E 5
E o o
140 145 150 155
Am [MeV] Am [MeV]
~ 50 7~ S0pT T T
2 45k LHCD DD 3 > S FLHCb DD
S ok 15 o
(3] o
o 35F 4 o 3sf
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S 1 E o
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10F hl: 10F
SE E SE
0: v’\ h 1 & | lr; S B Il
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D? — K2K? normalisation channel

~ : : :
> [ LHCb ]
2 soof D
o F —— Total fit
ey r
O 400 - Signal
= S | ]
< 300F Background ]
.g L ]
= 200F .
53| F ]
100F R
0: . 7\ ) E
140 145 150 155
Am [MeV]

Only 1 % random subsample of D — K~ 7" used due to high statistics.
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Acp(D?— KIK?) systematics

Systematic source value
Background determination 0.019
Detection charge asymmetry and production asymmetry 0.011
Total 0.022

e Background modelling systematic obtained by performing fit only to
Am sidebands, extrapolating under the signal peak, and subtracting
from the total n. candidates to obtain n. signal.

e Detection & production asymmetries obtained from D% — K7t
after correcting for the K* detection asymmetry.
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Ar with control D®— K—7mtt+

e 103 T
£ 600F LHCb ~Data i = : . . ;
N 3 —Totalfit J & 15F LHCb +Data
3500 (c) = = Dk (c — Linear fit
S 400F [ Comb. bkg. E,:“ 10F T {lli+ 1o band]
“-*% 300F E 5F E
%200— E o FUNITE U o : 3
2 100k E sE Sl I S e T E
- t ' s 1 : : .
CI:-: DF'ru'F ﬁrﬁer"l‘T'rIJ—f\-'\-r'u‘wn'rrh“ E oF o l-\,,.ll,r.-l,..l.lrlr___-_
5 L L . L L L L
1850 _ 1900 0 1000 2000 3000 4000 5000
M(K %) [MeV/e?] t[fs]

Ar(Km) = (0.009 + 0.032) %.
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Ar data subsets

Mag. up 2011 (B.) ) I ) — Mag.uploll—(b) j ' -
Mag. down 2011 ;?Cb O Mag. down 2011 ;I:Cb
—K K —n

Mag. up 2012 — Mag. up 2012~ -
Mag. down 2012 —{ Mag. down 2012 —
All 2011 — Al 2011 =
All 2012 = All2012~ =
-1 0.5 0 0.5 1 -1 -0.5 0 0.5 1
Ar (%) Ap (%]

Mag. up 20‘117({:) ' —— ) -

Mag. down 2011~ — LI;[Cb_ =

D'—K ot

Mag. up 2012~ . -

Mag. down 2012 —— -

All 20111~ -1 -

All2012 1= - =

-1 -0.5 0 0.5 1

A [%)

M. Alexander (University of Glasgow)

CP violation in D% — hh

EPS 2015/07/24

36 / 28



Ar systematics

Source of uncertainty D' KK+ D= o xt
constant scale constant scale

Mistag probability 0.006% 0.05 0.008% 0.05

Mistag asymmetry 0.016% 0.016%

Time-dependent efficiency 0.010% 0.010%

Detection and production asymmetries  0.010% 0.010%

D® mass fit model 0.011% 0.007%

DP decay-time resolution 0.09 0.07

B°-B° mixing 0.007% 0.007%

Quadratic sum 0.026% 0.10 0.025% 0.09
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Ar mistag rate from D% — K—7t*

y

o
—_
(=23

0.14 - LHCb

probabilit

3
i T |

Determined from fraction of D® — K~ 7™ candidates associated with
wrong charge i, after subtracting contribution from D® mixing and DCS
decays.
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