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Selected LHCb results on
J LHCb as LHCc, key detector elements and data sample

0 Treasury of D°—h-h*: DD mixing and search for CP violation

) Search for direct CP violation via 2-body D" decays

J Search for CP violation in multi-body D-decays D—3h, 4h
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(Some) Related presentations

 CPV and mixing in charm sector at B-factories : talk by Alexey Garmash
1 Relevant theory : talks by Svjetlana Fajfer, Alexey Petrov et al.

 Other LHCb results (charm rare decays and XYZ) in talks by Liming Zhang
and Chengping Shen
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Probing mixing and CPV in charm sector: sample and tools

LHCb physics: precision studies of rare effects in b- and c-physics, production
measurements at new energy scale in the forward region

Correlated bb production, second b in acceptance once
the first b is in (flavour tagging)
LHCb covers forward region: 1.9 < n< 4.9
O optimized for forward peaked heavy-quark (HQ)
production at the LHC
Q only ~4% of solid angle, but ~40% of HQ production cross section

Charm at LHC(b): prolific production, all c-species produced,
at /s =7 TeV about 600 kHz cc pairs go in the LHCb acceptance

0(CC)pr<8GeV/e, 2.0<y<as = 1419 £ 12 (stat) = 116 (syst) & 65 (frag) ub
Nucl. Phys. B871 (2013) 1

Large boost,
Py of O(10) vs. ~1 at B-factories; D flies few mm, decay time resolution ~0.1 1,

Flavour tagging: charge of the slow pion ms from D** — D° ns* (p ~2 GeV/c)
charge of the y from semileptonic decay B — Doy X

Asymmetries: detector asymmetries - swap dipole magnet polarity
production asymmetries - measure using control modes



LHCb operation

0 LHCb collected data correspond to [Ldt ~38 pb~!in 2010 and 1.1 bl in 2011 at /s = 7 TeV,
and 2.1 fblin 2012 at /s = 8 TeV
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O Visual average number of vertices is higher, y~1.4, compared to nominal y=0.4
O Higher g > higher track multiplicity, 1 primary vertex (PV) gives 30 tracks/rapidity
range, more difficult reconstruction
- background for D and B decay vertex reconstruction and matching
average minimum distance between 4 PVs ~12 mm, comparable to average B travel distance ~10 mm



LHCb: key detector systems to study rare effects in charm sector

Curious/useful to have an idea of the internal structure even when it is hidden ...
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LHCb: key detector systems to study rare effects in
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VELO: Vertex LOcator

module

R sensor Phi sensor

cross section at y=0

DAL
P VRPN TR RN

PileUp view of interaction region
stations maost upstream a=53cm
WVELD station

stri{)is i
routing lines

O First active strip at 8.2mm from the beam axis

O Moves away every fill and centers around the beam
with self measured vertices

"Charm mixing and CPV at LHCb HIEPAF, USTC-Hefei, 15.01.15

4 JINST 8 (2013) PO8002, arXiv:1405.7808

£ O 88 semi-circular microstrip Si sensors
O Double-sided, R and ¢ layout, in each

Q 300y thick n-on-n sensors
| O Strip pitches from 40 to 120y




VELO: precise reconstruction of tracks and vertices

Impact parameter resolution

O Excellent spatial resolution, down o 44 for oo——
single tracks | 2012 Data
—=— Simulation
 Precise impact parameter measurement, T uf
op=11.6 + 23.4/pT [u] o S0
. . . B 4“5 T
[ Precise primary vertex reconstruction, - " HCB VELG
o, = 0, = 13, g, = 694 for a vertex of 25 tracks Wt oo 116+ 2.6
O 0.5 1 15 ) ] rf:f ICa]

O Detector well understood, simulation describes data
O VELO provides excellent proper time resolution

New J. Phys. 15 (2013) 053021
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[ Vertex resolution allows fo resolve
fast (x~27) BB, oscillations

B! - D z* Dy — ¢(K'K)m~
DS — KK r)K~
D — K*K™7 ™ nonresonant
D - K #z7z™

DS_ — T T

Amg=17.768 £ 0.023 (stat) £ 0.006 (syst) ps_l




Charged hadron identification: RICH detectors

2 Ring Imaging Cherenkov Detectors (RICH): 3 Radiators, photons from Cerenkov cone
focused onto rings recorded by Hybrid Photon Detector (HPD) arrays, out of acceptance

RICH 1 Silica Aerogel: RICH 2
Acceptance 25-300 mrad  n=1.03 Acceptance 15-120 mrad
1-10 GeV/c
Side view CaFuo: Top view
Photo n=1.0014
Detectors Up to ~70 GeV/c /
d
CFa: 300 M2
™ n=1.0005 |
Aerogel Spherical Up to ~100 GeV/c
- A= womrad PY_——i—
= | _ Beampi
"’\P% =P 04r | e B T |2
i\ Bg — D;TT+_ | /. |
VELO exit window | w1 |3
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4 mirrors i
Flane 1 Flat mirrors | |
Mirror i ~lf CF, gas
i "};\
I ! | J - S | | ' > ﬁ ai.
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\ Note scale difference SB 10
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RICH detectors : charged particles identification performance

[ Reconstructed Cherenkov angle for

isolated tracks, as a function of track

momentum in the C,F;, radiator

O Genuine m/K/p samples identified from kinematics only used

Cherenkov Angle (mrad)
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to evaluate particle identification (PID) performance from data
O Efficiency/rejection: reasonable agreement between data and simulation
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Charged hadron ID with RICH : charmless two-body b-hadron decays

Q b-physics serves as a proof of principle/calibration T — F A0 — k-
to probe tiny effects in the charm sector g
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Trigger

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high E'ra Pt signatures

O Performant LHCb Trigger: [ Software High Level Trigger )
hardware LO, software HLT, 29000 Logical CPU cores
and software deferred trigger Offline reconstruction tuned to trigger
implemented in 2012 to use time constraints
. . . Mixture of exclusive and inclusive
the farm during the inter-fill __selection algorithms )

periods T O T
5 kHz Rate to storage

2 kHz
Inclusive/
Exclusive

Charm

1 kHz
Muon and
DiMuon

2 kH=z

Inclusive
Topological

.

Charm mixing and CPV at LHCb HIEPAF, USTC-Hefei, 15.01.15 SB 13
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Trigger s fume 0
. . . . N e
0 Trigger on Signal (TOS): signal candidate o O°F —— 7

triggers the event, a technique to determine
trigger efficiency on data
LHCb-PUB-2014-039

0 LO hadron trigger performance for different
charm decay modes

O HLT1 trigger performance for various channels
as a function of D p; M

Q HLTZ2 charm trigger performance for inclusive = I
and exclusive selections :

£ 19%/100%

04F

02 :
O Total output rate of all charm selections ~2 kHz |
<
: C 2 i}
A High efficiencies for key channels -
chanel L0 HLT1 HLT2
B s Dfr= . DF - K 7tqt 59% 08% 7% i :
D* - K-r*rt 4% 80% 0% o g Eeniox -
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(Brief) Introduction to mixing and CPV in c_

GHARMS
SPEDbLDLS &
FORMUDLAS

Ray T Malbrough

O Alexey will do it much better after my talk
[ Reminder of some definitions
0 What is special about mixing and CPV with charm




Introduction : DD mixing and CPV in charm sector

d Both flavour mixing and CP violation well-established in K and B sectors.
O Charm is the unique up-type system, where these effects can occur.

0 Mass eigenstates vs. flavour eigenstates : |D, ,> = p |D°> + q |D°>

Q In the limit of CP conservation p = q (correction of O(10-4) in the SM)

It ar AT

e t —=t
+e 2/ + 2 cos Amt)

A Decay becomes modulated by mixing : T(€2

y
= — cosh| —t
Mixed : D9 — DO or D° — DO (2 j

Unmixed : D% — DO or D% — DO

N (unmixed) — N(mixed) .\ _ cos(Amt)

. (t) = —
Anic () N (unmixed) + N(mixed) COSh(AIt/2) egeeeeense
W
Mixing parameters: x=Am/T" ; y=AI/2T X,y ~
x: mixing frequency in units of lifetime W L
x>>1 rapid oscillation

x<<1 slow oscillation

SB 16



Introduction : DD mixing and CPV in charm sector

N(T)/N, mixing probability: 1 mixing probability: 1o} mixing probability: ' 14 mixing probability:
I ~50% 18% ~50% \ ~ 106
, 0 . Qo
N/No | . . BS —> BS
TNL B, — B; Bg N BS0
05 05} st
x,y ~O(1) x~1y<«l x>» 1,
| KL | _ y ~0(0.1)
- — - Bc? — Bél)
- KK | g Hne
0.-(')‘ : - ' " T ( 00 401: = i Bl R HURVRYAV e -J_r
Discovered in 1950s, Observed in 1987, Observed in 2006, Observed in 2007,
textbook to illustrate first hint of the heavy  rapid oscillations tiny effect > large
QM effects top quark - high decay time samples and clean
resolution required detection/ID required

O Unlike B(s)-mesons, no strong heavy (1) quark contribution to the box diagram,
contribution from b-quark suppressed by A!% by the CKM matrix elements |

O Non-perturbative long-range effects more m, K*
difficult to calculate, typically 10-3 with large

uncertainty e.g. Falk,6rossman,Ligeti,Nir,Petrov
PRD 69 114021

0 DD mixing well-established, but until 2013 no single 50 result, "’ K sB 17



Introduction : DD mixing and CPV in charm sector

6rossman, Kagan, Nir, PRD 75 (2007) 036008
Three types of CPV Grossman, Nir, Perez, PRL 103 (2009) 071602

O Direct CPV between tree and penguin diagram (charged and neutral)
- Cabibbo-suppressed decays (CSD)
- expected to be up to few x O(10-3) in the SM
- potentially New Physics contributions, e.g. sypersymmetric QCD penguin

As = <f|HID>, A7 = <fIHID>, | A7/ A¢| 2 1

Study: asymmetries in 2-body CSD
asymmetries across the phase space in multi-body decays

Qd Indirect CPV
QO CPV in mixing, |p| #lq| or weak phase ¢ = arg(q/p) z O (neutral)
expected to be O(10-4) in the SM
O CPV in interference between the decay to final state f with and without
mixing - common final state, arg(q/p A;/A;) # O (neutral)

Indirect CPV < O(10-3), precisely calculated in SM.
Precision needed to see if observed effect is enhanced by NP
Charm mixing and CPV at LHCb SB 18



Introduction : DD mixing and CPV in charm secto
I- in Wolfenstein

The Cabibbo-Kobayashi-Maskawa

_ matrix ] parametrization

u
Vem =€
t

elements relevant for charm sector

CS D decays,
DD-mixing

v

V,, enters via loops

:

1=\ 2= )8 \

N+ A2 -p=ip)  1=X2-X(1+44Y)8

AR (p - in) |
AN +0(\%)

AR(L-p-in) + AX (i) 2 -AN+AX(1/2-p

d s

- 1)

) 1= A2
b

n - CP-violating phase

SM: single CP-violating phase = strong predictive power for CP asymmetries !

"Charm mixing and CPV at LHCb

HIEPAF, USTC-Hefei, 15.01.15 sB 19



D°D° mixing and search for CPV with D — hh decays

| O Mixing by now well

. established

';» " O y>0: CP-even eigenstate is
shorter lived than CP-odd
eigenstate

- U x>0?: mass splitting not yet

clear

SB 20



Search for indirect CPV using D° — h-h* decays

O Measure lifetime asymmetry A; PRL 112 (2?11—21 0411§(t3_11

(e R (A v ]
Apr =  — — —|= cosor — | |=|+|=| | z sin
ot QKP‘ |q veesor=\[pl *lq o1

O If nodirectCPV, A= -a,M

d About 3M D°— K K*and IM D° — 7~ r* decays selected, D* tags D flavour
Q Multivariate unbinned maximum likelihood fits to the subsamples

Q Fit projections for Am and decay time for a subset of early D°— K- K* data :

P\I’:’j 10* | | I . Da‘I[a & 10" ¢ Data —
— Tit = Fit =
% LHCb Sienal =) LHCb Signal
= — Raod. &, 1= Secondary
ol 0_ I rrtar0 ~ 3 Prompt md. &,
D —-Krnrn = 3 I s |
g ......... D—KKn |5 10 —_ Se@c. md. 7, 3
= - - - Comb. bkg E D'-Kn*n’
o & X T AE L el N N Wy, e D!>K' K" ]
é 107 E K % S === Comb. bkg
= 10° 75
[ I -
10§ N
107 2
——————— 1 =

140 145 150

Am [MeV/c2?] o e l | ;
-5 - .

Charm mixing and CPV at LHCb * tf[ns] °

Pull
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Search for indirect CPV using D° — h-h* decays
PRL 112 (2014) 041801

_ JLdt ~ 1 fb!
d Ratio of D°to D° and fit model for D° — K- K*and D° — m m* data
~1 2 — 12—
2 | P D - KK o | o paa D - mm
211 b ELI- Fltom) signa
N G URER .m+#m.ﬁ+++ gl MM m ﬁ&uﬁ
09| ¢ 09 #eF
Lo e Lo tHee
08 1 2 3 t[ps] 0.8 1 2 3 t[ps]
Q World best measurement A-(KK) = (-0.35+0.62+0.12)x10-3

A-(mm) = (0.33£1.06+0.14)x10-3

A Consistent result for binned method (no decay-time acceptance model

required)
No indirect CPV to the level of 0.1%
0 Sensitivity for Run I: o(A)~3.6x10-4
O Expected sensitivity for Run IT: o(Ap)~2.1x104

Q In addition, y-tagged D from B—DXpu (~1/3 of prompt sample)

Charm mixing and CPV at LHCb HIEPAF, USTC-Hefei, 15.01.15 SB 22




De lifetime asymmetry Ar, HFAG _

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

CHARM 2013

Belle 2012 ’ } -0.030 = 0.200 = 0.080 %

0.088 = 0.255 = 0.058 %

LHCb 2013 KK H -0.035 £ 0.062 = 0.012 %
PRL 111 (2013) 251801

LHCb 2013 it b—o—‘ 0.033 £ 0.106 = 0.014 % J‘Ldf ~ 1 fb-l
World average H -0.014 = 0.052 %

11 I L1 I L1l I L I Ll I L I ol
02 01 -0 01 02 03
A (%)

"Charm mixing and CPV at LHCb HIEPAF, USTC-Hefei, 15.01.15




Wrong sign D° — K1t decay rate

Time-dependent "wrong-sign" decay rates:
cocktail of mixing and Doubly Cabibbo Suppressed (DCS) decay amplitudes
in about equal portions according to your taste.

Wrong Sign Right Sign
DCS CE
- Right Sign CF domi —
D° K™ DY tne high Siom docay ampitade 277

Mix CF Mix DCS
DO

Assuming |X|,|y|«1 and CP conservation,
Wrong sign: dN,,  /dt~eTt x [ (x'2+y'2)/2.T2t2/2 + D2, o+ Dpcg- Y - Tt ]
mixing DCSD interference

Ratio: N, </N.(t) = (x'24y’2)/2 .T2t2/2 + R, + VRp .y . Tt

| - -
~"

vanishes for SL decays
A(K- T | _ N
(—_+) = VRp €7, § - strong phase between A and A
AlK ) y'=ycosd-xsind
X"=Xcosd+ysino

x2+y2

—_— X2,y

SB 24



Time-dependent WS D° — Kt decay rate, _

PRL 110 (2013) 101802

JLdt ~ 1 fb!

& S ,1 (),-3 T —TT —T T = 2 IR ZEE N T N A B
il 4 R F - ]
-« Data 5 — 2 5 i T
6.5;— — Mixing fit — = [ . LHED
6F - No-mixing fit = 1.3 ‘.
Si5: ’ L : 1E E
5F 3 : :
45 E _E O.S :_ ........ SG __:
i ] ; -30 . % ]
j: : of —lo AN W
3.3 = -+ No-mixing oy ]
3:_I PR, DO Y T AT TS | (NS T MY TN N W |/ /l ] l_: -0.5—-1 | I TR TR NN AT TNNE TN SO NN NN SN SN S S |-

0 2 4 6 20 -0.1 -0.05 0 0.05

2
tit x" [%]
Fit type Parameter  Fit result (107°)
Mixing Rp 3.92 +0:15
% 12124
% —0.094+0.13 No mixing hypothesis

No mixing Rp 4.25 4+ 0.04 excluded at > 9g. 55 29




Time-dependent WS D° — K decay rate, 3 fb! up-

Q Use prompt D** — Do mi.*, PRL 111 (2013) 251801

~ 1
charge of ng tags the initial flavor of the D° JLdt ~3fb

(00 D** > D" (K-m*) .t

2 :_ I _:

O Deand my required to form vertex constrained . ,: M S ;

1.0 Pv 2 6;— B Background _

= st E

: = 5x107 }

Q Background of Wrong Sign (WS) data 3 andidates”

dominated by real D°and a random . Eg Z: ;

Q Contamination from B — D°X reduced by IP IE ;
0

cuts on D° and 1. 2.005 2.01 2015 2.02
M (D"r?) [GeV/c?]
«10°__D** = "D (K*n~) n,*

60__ | T T T T | T T T T | T T T T
© LHCb
sof (®

* Data
— Fit
I Background

40

30

Candidates / (0.1 MeV/¢c2)

d Right sign (RS) and WS yields determined
in D° decay time bins 10f

20F

of
2.005 2.01 2.015 2.02

"Charm mixing and CPV at LHCb O [Gevied B



WS D° — Km decay rate, update with 3 fb-!
PRL 111 (2013) 251801

Most significant mixing observation

JLdt ~ 3 fbl

[ LHCb

[ -- DY68.3% CL : I

(@) CPV allowed

(b) No direct CPV

I ++99.7% CL

e,
. .,

(¢) No CPV

-- D°683% CL [ == 955%CL o g
[ — DY68.3% CL I —D°683%CL I —683%cCL ]
I B B A EFTITITE IS BEPETETE IrE Lol - -3
o1 0 0.1 02 0.1 0 0.1 0.2 0.1 0 y' - (4'8 +0.8+0 5) x10
x"? [107] 2 5
' = 5.514.212.6)><10
O Expected sensitivity for Run IT: o(x'2)~4x10-> o(y')~0.8x10-3
Q Similar study possible using D° — Knme, D° — K3
Charm mixing and CPV at LHCb HIEPAF, USTC-Hefei, 15.01.15 SB 27




DeDe mixing : HFAG averages _

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

—_ : 7 —_
9\:’ HFAG-charm no CPV &\‘” HFAG-charm CPV al lowed

FPCP 2014 i 1.2 FPCP 2014

1

............ 0.8
Ny £5 & S W 05—

0.4 _ ,,,,, : 0.4

02 pno mixing | 02— no mixing
o N—> T S UV Y —— of —9

- _ R _ - ‘ 1. H1o
02 x> = (0.49 014y | | 20 02 lex> = (0.41 *8'1‘5‘ )% 20
[ ) -0.15 N30 B : ) .M3c
-0.4 : -0.4 °

0 - <Y> (0.62 + 0.08)% .40 i <y> = (0 63 *8 8; )/o .;;0
b }‘i%i{ll B NS P PO OO OO Y SO SO (OO PO Y R SO SO OO OO PO [P (PO Y [N |- 50 =-—yJ. | {2 (8]
—06—04—02 0 0.2 04 0.6 0.8 'll 1.2 0—0(‘3—04—02 0 02 04 06 08 1 1.2

x (%) X (%)
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DeDe mixing : HFAG average evolution _

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

2008 2014

no CPV

FPCP 2014

8 0.4 é m? NG f
0.5__ 3 i . .:
: 02 no mixing
o o ~®

: mdw Mo

05/ 0.2 - 20

- -0.4- § j : B30

A 1 f | : 40

E = pobepgog gy |\r } r-‘lr.-r—ww I Y +|1|<|1|l 50

-06-04-02 0 02 04 06 08 1 1.2

X (%)
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WS D° — Km decay rate, update with 3 fb-!

Q Split by flavour to search for CPV PRL 111 (2013) 251801
x*=|q/p|* (X' cos® t y' sind) JLdt ~ 3 fb-!
y*=|q/p|* (y' cos® F x' sin®)

O Efficiency-corrected WS-1o-RS yield ratios
for D** and D*- decays, and their differences :
as functions of decay time in units of D° lifetime 4

R*[107
U \?
—
an
0
o
| |

Direct and indirect CPV Fo . | ;
R} (1073)  3.545 %= 0.082 = 0.048 T b e
Yy (1073) 51+ 1.2+0.7 5 L o dieer ey
xi2+ (10—5) 49 + 60+ 36 4_— ------ No CPV .
R, (1073)  3.591 = 0.081 = 0.048 O
YT (107 45+ 1.2%0.7 et
X7 (1079) 6.0 5.8 + 3.6 < OF
x°/ndf 85.9/98 e

R’ -R; 0
A, - ’f ?=(—0.7¢1.9)%

R, + R,

0.75<|q/p|<1.24@68%CL No indication for direct or indirect CPV

A Similar study possible using D° — Knm°, D° — K3m SB 30



Search for time-integrated CPV in D° — K" K*and D° — 1 11

[ Time-dependent CP asymmetry for D° decays to a CP eigenstate f
(e.g. D° - K K, m m*):
F(D° > f) - M'(D° — f) dir ind

- X agp (f)+t/7ag
F(D°— )+ T(D° — 1) A universal to a good

approximation
Mg = A (K K) - Ag (mm) = o (K K) - aff () + Act>/1 diy

Acp (f 1) =

difference in
average decay time

Q Tag De flavour using prompt D** — D° 1"

Q To first order A, (f) = Acp (f) + Ager (f) + Ager (T157) + Apoq (D*)

QA (KK)= Ay (mm)=0, Ay (T5°) and Ap (D**) independent of f
> [8Ag = Ay (K K) - Ay, ()

O Expect indirect CPV to ~cancel in difference (common mixing process)
direct CPV to differ for different final states

- non-zero result in presence of direct CPV
SB 31



Search for time-integrated CPV in D° — K" K*and D° — 1 11

Status of measurements by the end of 2012

Exp. Ref. AAqp (%)

LHCb (prompt D*) PRL 108 (2012) 111602 -0.82 £0.21 £ 0.11
CDF PRL 109 (2012) 111801 -0.62 £ 0.21 £ 0.10
BELLE arXiv:1212.1975 (prelim.) -0.87 £0.41 £ 0.06
BaBar PRL 100 (2008) 061803 +0.24 + 0.62 £ 0.26

Agreement with no CP violation: CL = 2.0 x 10-°

O Since then new LHCb results :

b—>DuX AA, = (+0.14 £0.16 £ 0.08)%  JLdt ~ 3 fb!
JHEP 07 (2014) 041

Prompt D* AA, = (-0.34£0.15 £0.10)%  JLdt ~1fb!
update, preliminary LHCb-CONF-2013-003

O Individual asymmetries are expected to have opposite sign due to CKM
structure EPJC 73 (2013) 2373
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Candidates / ( 1.1 MeV/c?)

Candidates / { 1.1 MeV/c* )

Search for time-integrated CPV in D° - K- K*and D° > m m*: b —» D% u X

Ap (K K)= A, (KK)-A,, (KT)+ Ay (K 1) JHEP 07 (2014) 041
JLdt ~ 3 fb'!

Ay (KT)=A_, (D> Kmm)-A, (D> Ko ) - A

x10° S | S —
0F 0 e Y LHew {2 R —— LHCb E . ]
o woe 13 w0t f4 2w 4 0 No CPVin Cabibbo Allowed Decays
l{;: -?:]f;il bke. : i: J:Z: candida‘re"' -%Jn::\] bke. : (CA D) ls Gssumed
w O F B DK
. i O K° asymmetry from CPV and

B woo e wer Mixing in the neutral kaon system
a (b o . . .
- ) and difference in the interaction

?l{]}. — — — ><|0"| :
F ' 2500F

LHCb

sof DO—>K-m* u'fb — ‘_;C ;D*—)K"n*‘n‘* - WlTh The maTer‘|a|:
mn;— 9x106 :T;::1 3 EJ 200”5_ 41x106 :T;tl:I E - o
wf candidated | meomwe | 2V candidates) | memue Ao = (0.054 £ 0.014)%
[ B : O Most precise time-integrated CP
3 R E .
0 T < S asymmetry measurement to date:
MK =) [MeVic?] MK ) [MeVjas} N
(c) (d)
o Ap(D° — K K*) = (-0.06 £0.15 £ 0.10)%
S S D*—Ken* e Arp(D° —» m ) =(-0.20 £ 0.19 £ 0.10)%
= it 6x106 —ro =
= 140 P SR S 21g E 0 * .
; = candidatesf jmcom e 3 Consistent with no CPV hypothesis
3 s0E 3
S i Q Sensitivity on AA from prompt sample
0

5% 0 Run I: 0,,,4~0.08%, Run IT: 0,,4,~0.05% sg 33

M(K n*) [MeV/ic2]



Direct vs. Indirect CPV : HFAG average

http://www.slac.stanford.edu/xorg/hfag/charm
o 0.02
© 0O
2 0.015 - May 2014

AA_, BaBar
/71 AAcp Belle prel.
AA, CDF
£5555 AA(, LHCb prompt prel
FZZZ AAcp LHCb semil.
£ A, LHCb 2010
KX A, BaBar
A A Belle prel.
SN A, LHCb KK
R A, LHCb m

0.01F
0.005 |

LT 7RIS S e e
AR G 8 W e b
& {7 L7 (7 (7 - L/ (T T /LT L7 L7 L7
0 o W e S Wy O Bt & - e e S

-0.005
-0.01
-0.015

-0.02 e
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
o

Illllllllvlll.lll

Data consistent with no CPV at CL = 5.1%

Aas'= (-0.253 + 0.104)%, am = (-0.013 + 0.052)%

No evidence (yet) of CPV in D sector
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Direct CPV in 2-body D-decays

Q Search for direct CPV in CSD Dt — Ko m*, D* — Ko K+ JHEP 14105201?;)51
t~ 3 fb
[ Charged D two-body modes are more difficult due to neutral It

icles involved
particles involve be xont  T(DE — KO%H) —T(D~, — K%%")

A (s) s — (S‘) (g)
or L(D, — Koh+) + (D, — K2h~)

O Measured raw asymmetries contain additional asymmetries to be subtracted :
Araw % Acp- Ap (h) + Ap (D) + Ago

d Ke asymmetry from CPV and mixing in the neutral kaon system and
difference in the interaction with the material: A = (0.07 £ 0.02)%

Q Use CAD D,* — Kg° K, D* — Kgo T JHEP 1407 (2014) 041

O Construct double difference to cancel detection and production asymmetries :

D*—>K°K* D.t>Kcomt

ACP + ACP - [ Ar‘aw (Ds+ - KSo T[+) - Ar‘aw (Ds+ — KSO K+) ] -
-[Ap (D > Ko ) - A, (DF—> K K) 1-2Ap0

A Combine with CAD D, — ¢ m* to obtain individual CP asymmeftries
Charm mixing and CPV at LHCb HIEPAF, USTC-Hefei, 15.01.15 SB 35



(1.0 MeV/e?)

Candidates

Pull

Candidates / (1.0 MeV/¢?)

Pull

Direct CPV in 2-body D-decays

[ Uses weighted control mode kinematics, average dipole magnet polarities

LHCD

/(1.0 MeV/e?)

Candidates

1800

1850 1900

1950 2000 1800 1850

m(K{n) [MeV/e?]

_
<

—

=
T

W

—
=
T
Wi

KsK* /\

1950 2000
m(Kgw) [MeV/e?]

1900

107

Candidates / (1.0 MeV/¢?)

KK £

ull

1900

1850

1950

2000

1850 1900 1050 2000
m(KEK*} [MeV/e?] m(KgK_} [MeV/el]

( + o+

A DK

D*—KsoK*
Acp 7°

+ Agps 5™ = (0.41 £ 0.49 £ 0.26)%,

(+0.03+0.17 £ 0.149)%
(+0.38 £ 0.46 £ 0.17)%

THEP 1410 (2014) 25
[Ldt ~ 3 b

 Signal yields

Decay mode Yield

EEE

D* — [{gﬁi 4834440 4+ 2555
D¥ — K)7% 1209764 692
D* — KYK* 101351641379
DF — KYK* 1476980 +£2354
DE — o7 7020160 £2739
D¥ — or* 13144900 £ 3879

No evidence for CPV
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CPV in multi-body D decays

O Many ways to reach multi-body final states through intermediate resonances
[ Resonances interfere and can carry different strong phases
O Majority of D non-CP eigenstates are resonances - study local asymmetries
A Fit all contributions to phase-space and look for differences in fit
parameters
Q Or look for asymmetries in regions of phase space

 Dalitz-plot-like techniques (talk by Franz Niecknig) allow to sum up several
resonances

O Increased statistics

O Extract information about strong phase

( Model-dependent Dalitz plot analysis

[ Model-independent Dalitz plot analysis :
O Binned technique: Sz (or Miranda) method
[ Unbinned technique: Energy Test, kNN

d Triple-product asymmeftries (talk by Adrian Bevan), complementary to other
methods
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CPV in multi-body D decays : D* » m m* mr*
O Model-independent search for CPV PLB 728 (2014) 585 [Ldt ~ 1 fb!

Q, - ' N =  3F - I +f}$
§ 14000 ) 3x10¢ e ﬁ% - O T +3
ﬁ 12000? LHCb candidates _z =3 23 Sl | B b LR s
Z10000F = 2 2F n "
§ 8000: 1,53— . l — 0
S 6000F n == -1
S 4000F _ _ - 1 S
© 5000 E .. o — 0.5 = LHCb 3
o eS0T 00 T T o T T T TS — *
M (rttt)[MeV/c?] Siw [GeV/ct]
0 Search for asymmetry significances in 510: ' ' T
bins of phase space Z f LHCb
. N'(D')-aN'(D") N(D)  E°F E
TN (D )N () | N(D) 3 ;
i + +a i — [
(v (o) -
- removes sensitivity to global asymmetries 2F {iﬁ\ E
2 — )2 : : S
X* = 2.(Sep)” agrees with Gaussian Sep

distribution = no-CPV hypothesis, p-values > 50% for different binnings

[ Search for local asymmetries via unbinned comparison with nearest neighbours

(kNN technique), no-CPV hypothesis, p-values > 20% for different n, .



0 Energy Test: unbinned, model-independent technique,
significance of local asymmetry for each event is obtained
NIM A537 (2005) 626 Phys. Rev. D84 (2011) 054015

CPV in multi-body D decays : D° — m* 1 m° _

30000:—

Candidates / (0.2 MeV/c2)
g
=
|

200001

(ﬂ)

LHC b

-n'O

e,
[ S

recons‘rr'uc‘redf
from resolved
ECAL clusters-

4x10° 7
candidates ]

) P i N Ml

145 150
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Am [MeV/c?]

MeV/c2)

™

Candidates / (

= 20000

100001

= 30000F (I:I>)I |

T[O

LHCD -

reconstructed
from merged ]
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3x105 -
t candidates |

d PR R ]
1 1 1 I

O L
140

P
145 150
Am [MeV/c?]

155

W

m2(x 7°) [GeV?%/c*]

—

PLB 740 (2015) 158
JLdt ~ 2 fbt

Q Control mode D° — K- m* m° to assess charged pion
detection asymmetries

[ Visualisation of local asymmetry significance :

— T T T |_ 1 8
LHCb . =

Do » mnme {4y ©
- o

_ =

120

wd

) 3

m2(rn°) [GeV¥/c4]

Q Consistent with no-CPV hypothesis with a p-value

of (26 + O.5)°/o

o



Multi-body D° decay

PLB 726 (2013) 623
JLdt ~ 1 bl

[ Use prompt sample
D**— Do gt

O Tag De° flavour using me

[ Signal extraction via

sPlot technique

Q Fit (m, Am) plane

to extract sWeights,

)

Candidatesi 2 MeV 02

)

Candidates{ 2 MeV 02
3

(m(D), Am = m(D ms*) - m(D))

Charm mixing and CPV at LHCb
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Multi-body D° decays : D° > K K* m m*, D° > m m* m m*

PLB 726 (2013) 623 2
Ldt ~ 1 fb
O Miranda method: significance in equally
populated bins of 5D phase space :
- N(D) - a Ny(D) Z; N(D°)
Scp = — , a-= — .
Va(o2()-02(D)) ZiN(D°) 3
O No-CPV = Gaussian distribution
O p-values for no-CPV hypothesis are
9.1% for KKnmr and 41% for 4m
Consistent with no CPV :

No evidence for local asymmetries >
Charm mixing and CPV at LHCb
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CPV with T-odd correlations : D° —» K- K* 17 11t
Q From triple products inD° cms.,D°:  (Cp = P+ - (ﬁﬁ+ X ﬁw_)
D°:  Cr =pr- (Do X Prt)
construct T-odd observables :

FDO(CT > O) — FDO(CT < O) — Fﬁo(—ﬁl‘ > 0) FDO( Cl < O)

Ap = Ap = —

Lpo(Cr > 0)+Tpo(Cr<0) 7~ Tp(—Cyp >0)+ Lpo(—Cp < 0)
O Final state interactions (FSI) could introduce fake asymme’rr'ies
A FSI effects cancel out in the CPV observable aéwjﬁ)dd = — (Al — Al )

sensitive to interference between even and odd partial waves

O Effective CPV differs depending on strong phase difference of the two
interfering amplitudes, agp"-°94d ~ sin(p; - @,) x cos(d; - 3,)

weak phases  strong phases

Q a0 ~ is maximal for small (3, - 8,)

Charm mixing and CPV at LHCb HIEPAF, USTC-Hefei, 15.01.15 SB 43



CPV with T-odd correlations : D° —» K- K* 1T 1t

JHEP 1410 (2014) 5
JLdt ~ 3 bl

0 1.7x10° secondary

D° —» K- K* - t* decays

0 Measure phase-space

integrated T-odd

observables and CP-

asymmetry:

Ar=(-718 £0.41 £ 0.13)%
A= (-755+0.41+0.12)%

Pull

Candidates / (1.1 MeV/g?)
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CPV with T-odd correlations : D° —» K- K* 1T 1t
JHEP 1410 (2014) 5

JLdf ~ 3 fb!
O Variations of T-odd variable with 5D phase space cancel in agp"°d
— 7 A 10 e A=
= 300 LHCb (a)_ = 308 LHCb (b)_ = S—LH(b OF
»— ] ] — ~-F } - GE 3
20F ¢ 3 - 1 3 §
i AR b A TP - l k‘
O;H ¢ : ¢ . 05*{ : t ] zf—H } % ] E
3 t E - E s 1
- } } t ] - i % { t ] 0 l
=L X L B -
-30F : i t 3 30F % : - 6F X-mdi 26.4/32 _f
AT T e T T T 0 30 AT T 0T T T 0 0 T 0 20 30
Phase space region Phase space region Phase space region
o 0= =
Q No variations with D decay time, which excludes = ‘I (c) LHCb
effects of indirect CPV k&
_/ L& i /L
o o . o« o o« U D G P
Q Precision on a4 significantly improved &
Al
Consistent with no CPV o, XA
8 T RERTIN RN R A

-1 0 02 04 06 4
D" decay time [ps]
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http://charm.cs.uiuc.edu/software
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http://charm.cs.uiuc.edu/software

What next ?

O LHCb, Run II until 2018: /s =13 TeV, L ~ 4 x 1032 cm? s, bunch crossing
spacing of 25 ns, y=1.4

O By the end of LHC-Run II, Belle IT enters in the game

O Upgraded LHCb, Run ITI from 2019-2020 on: /s =14 TeV, L ~ 1033 cm2 s
(newcoming detectors designed to operate at L ~ 2 x 1033 cm-2 s1), bunch

crossing spacing of 25 ns, = 2, improved trigger efficiency for charm
JLdt ~ 5 fb! /year

O Projections to the LHCb sensitivity with fLdt ~ 50 fb-!

EPJ €73(2013)2373

Table 16: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity is compared to
that which will be achieved by LHCh before the upgrade, and that which will be achieved with 50 fb~! by the upgraded experiment.

Type Observable Reference LHCb Upgrade
precision 2018 (50th™h)

Charm Ar |HFAG, early 2012 2.3 x 107 [43]] 0.40 x 107> 0.07 x 10~°

CP violation AAcp  [LHeb, 0.62 fb-t 2.1 x 107 [18]]  0.65 x 1072 0.12 x 1077

Charm mixing and CPV at LHCb HIEPAF, USTC-Hefei, 15.01.15 SB 47



EPJ C73(2013)2373

Table 12: Estimated statistical uncertainties for mixing and CP violation measurements which
can be made with the projected samples for 50 fb~! described in Table 10.

Sample Parameter(s) Precision
WS/RS K @240 O[(10-7, 10 7]
WS/RS Kpv T O(5 x 1077)
WS/RS Kpuv lp/aq|p O(1%)
D* = D7t D5 KK+ o nt AAcp 0.015%
Dt — D'+, D' K-K+ Acp 0.010%
D**— D+, D 7—7t Acp 0.015%
D**— D%+ D' —= Ko7r— 7+ (xp,yp) (0.015%,0.010%)
D= D7t D' K—K* (7 nt) Ycp 0.004% (0.008%)
D+ = D7t D' K—K* (m—7t) Ar 0.004% (0.008%)
D+ D't D' K—Ktn—nt At 2.5 x 1074

Strategic attack on the D°D° mixing and
CPV in charm sector:

LHCb : unprecedented samples with decays
to charged particles

Belle IT : access to specific important
modes (in particular direct CPV)

"Charm mixing and CPV at LHCb HIEPAF, USTC-Hefei, 15.01.15




Summary

 Important sample of high quality data delivered by LHCb
- Low background even in many rare decays - continuously improving sensitivities
] Keep improving precision of indirect CPV search, now o(A;)~5x10-4

- Adding modes/methods in search for direct CPV, D° —» m*nm°, D* > m e,
actual A precision up to 1073, still no evidence

J Not yet fully exploited 3 fb-! of collected Run I data, updates and new
analyses ongoing

[ Many more ongoing studies: D* — m*m°, D° —» KK, AA from D—hhm, A.—hhp,
Do — Ksmmr Dalitz, D° —» 4w ET, D— KsKnmr T-odd

] Some improvement of sensitivity expected in Run IT

1 LHCb upgrade: new level of sensitivity

together with Belle IT a

J Many other interesting studies —
with Panda, HIEPA et al. o Sall
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Energy test

0 Test statistic fo compare average distances in phase space

I3 , 1,70

W U i
T — s 1] _ 1]
Z}: n(n —1) Z:; n(m—1) Z nm | weighted average distance of events
bl nIt - in one flavour sample to events of
E the opposite flavour sample

U

Metric functions correspond to events i,j belonging o two samples of opposite flavour.

U

Normalisation factors in the denominator remove impact of global asymmetries.

U

If the distributions of events in both flavour samples are identical, T fluctuates around
a value close to zero.

. . ; —_ . —d?. /252 . .
Q Choose Gaussian metric ¥i; = ¥(d;;) = e %/"7  that decreases with a distance
to improve sensitivity to local asymmetries

O Remove dependence on the choice of Dalitz plot axes by choosing di; as

AN 2 20 2, 2.4 2] 2,i
AZ;; = (my5 —mijy,my3 — myy ., mis —miy)

O Larger CP asymmetries lead to larger T values > determine p-value under hypothesis of
CP symmetry by comparing nominal T value from data to a distribution of T values from
permutation samples, where the flavour of each candidate is randomly reassigned to
simulate samples without CPV

O p-value for the no CPV hypothesis is obtained as the fraction of permutation T values
greater than the nominal T value
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Energy test
Q Permutation T values fitted with a GEV function

a I e L L S JET T T T T T T T T L R
®_ 8F — @ IE
< F LHCD simulation (a) | 1 < F LHCD simulation (b)
X T - X 6 -
ey . uy C
3 6E Nominal T value | 3 S <F Nominal T value
L F for 2% CPV in ] 2 F for 1° phase
= 1‘-5 the amplitude E = AE ] CPV of the p+
= 4L = = I resonance
- ] 3 T
3k = C f <k__)) ]
E ' ] N ' _-
2F (i = “E | ]
el HM | ] e | | E
0: . . P SRR R B 0: | e o e
- 2 4 6 2 2 4 6
T value [107] T value [10°°]

[ Visuadlisation of regions of significant asymmetry is obtained by assigning asymmetry
significance to each event. Contributions to the total T value of a single event:

1 i 1 ™
O one flavour : T, = - a= > i,

2n(n — 1)« Inn &
il g

™ i

i LT 1 G N
O opposite favour : T, - W—I)ZQ” =R

JjFi J

O Permutation method to define the level of significance, distributions of the smallest
negative (TM") and largest positive (Tm,) T, values of each permutation.

Q Positive (negative) local asymmetry significances : T, values greater (smaller) than the
fraction of the Tmex, (Tmin) distribution that corresponds to the significance level.

O Same procedure for anti-T; distribution, Dalitz plot with an inverted asymmetry pattern.



Energy test

d AmPIITUde difference beTween }J 3 LHCDb simulation m'E ,.;:-E"n 3 LHCDb simulation 3 %
CP-conjugate states of a resonance % () = 3 b) 12 2
- region of significant asymmetry = - 1
as a band around the mass of the & Nominal T value | ”
T for 2% CPV in 0

resonance the amplitude

O Phase difference > regions of
positive and negative asymmetry
around the resonance
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O Sensitivities to various CPV scenarios. ...
AA and A ¢: change in amplitude and ’ l
phase of the resonance R

R (AA, A¢)  p-value (fit) Upper limit

p? (4%, 0°) 3.3732 x107* 4.6 x 10~

p° (0%, 3°) 15117 x 1072 3.8 x 1073

pt (2%, 0°) 501535 x10°¢ 1.8x10°5

pt (0%, 1°) 63735 <107 14 x 1073

p~ (2%, 0°)  2.0755 x 1073 3.9 x 1073

p~ (0%, 1.5°) 89777 x 1077 42 x 107" SB I




Energy test

Permutation T value distribution showing
the fit function and the measured T value
as a red line

=
= h

Entries/(5x107%)

st
20F -
I5E E
10F E
st
D: L m.ﬂ.. I
-2 4 6
T value [10°°]
Visualisation of local asymmetry significances. 9 3L B
Positive (negative) asymmetry significance : T LHCD e
0 . : L ) > I (b) 2 .9
DO candidates having positive (negative) St =
contribution to the measured T value 53 e 1 &
s
® L
Results for various metric parameter values. = 0
The p-values are obtained with the counting = g 1
method 1
= - -2
o [GeVZ/c* | p-value
0.2 (4.6 £0.6) x 1072 - R ko -3
0.3 (2.6 £0.5) x 102 % ] 5 3
0.4 (1.7£0.4) x 1072 m(r10) [GeV¥c4]

0.5 (2.1 +0.5) x 102




k-Nearest neighbour analysis technique

Ann. Stat. 16 (2) (1988) 772
J. Am. Stat. Assoc. 81 (1986) 799
Phys. Rev. Lett. 86 (2001) 770

Use nearest neighbour events in a combined
D+ and D- samples to test whether they share
the same parent distribution function

n, nearest neighbour events of each D+ and D- event: Euclidean distance between points
in the Dalitz plot is used

Test statistic (mean fraction of like-charged neighbour pairs in the combined D+ and D-
decays sample) for the null hypothesis :

|
1if the ith event and its k" nearest

1 |
I= ne(Ns + N_) Z Z I(i, k) neighbour have the same charge
i =1 k=l O otherwise

Ni+N_ m

Calculation of T is simple/fast, for null hypothesis expect Gaussian distribution with

mean py and variance o4 : .
Ni(Nt —1)+N_(N_—1) 1 (NN +4N+N_
NN —1) N .ng, D— 00 Nni \ N2 N4

HT =
1/N—-2
For N = N"a reference value :  1r= 7| v—7 | andforlarge N /T > /TR
Calculate AT — TR

ot can be obtained with a good approximation even for space dimension D = 2 for the
current values of N*, N~ and n,



k-Nearest neighbour analysis technique

0 kNN method applied to search for CPV in a given region of the Dalitz plot in two ways:

A looking at "normalization” asymmetry (N* 2 N~ in a given region) using a pull

(M1 = M)/ Apy - ) variable

O looking for a "shape” or pdf asymmetry using another pull (T -p; )/o; variable

O As in the binned method, this technique provides no model-independent way to set an UL

if no CPV is found
O Sensitivity of the kNN method is tested with the pseudo-experiments

D+ —m-m+m+ candidates restricted to regions.
Horizontal lines : pull values +3 and +5

'.'|:~. UUE i II | | 1 | | 1 | | II 1 LI *"“*m r | | 1 | | 1 | | r 1 1
S - LHCb - i LHCb 1
2 . Raw asymmetry | 1 =" [*! pull values of py | b
g [ [ ] ' | |
= 00IF | ! | 1 = O e
= [ 1 I — L | & -
Zoprettifaabieey 3 e o 7T
U [, : —‘E [ : [ ] . . : -
= 1 I — | |
& | = O ! T
-0.01 ! | - ::i‘- - |
[ 1 [ | |
| | | |
_UUE- II 1 .I 1 - 1 - 1 1 1 1 II 1 WI - II 1 1 1I - 1 1 1 1 1 _'II 1 1
Bl K1 B2 E3 K3lRir B4 RS K6 K7 Pl P2 FP3 Rl K1 B2 K3 R3lR3r B4 RS K6 R7 Pl P2 P32
Regions Regions
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k-Nearest neighbour analysis technique

D+ —m-m+m+ candidates in regions from kNN method with n, = 20.
Horizontal lines : pull values -3 and +3.

Pull values of T p-values
= T T T T T T 1 ~ 100 T T T T T T

g4 (a) LHCh] & F 1 (), 'LhCD ]
—~ ' ' - | .
. | o 80F | ® | -
e 1 2L ]
S [ i — B .
- .. e 1 geopat * A
OFs1e et ad 2 b A
L e * I - .T-|=- 4[_}_— : : .
-2-— : : _- = : | | - :
: : | 20F : : -

B | ] ) |
oed il AT T T T A AT B B R ﬂ' S R I A A B A A B
RO RI R2 R3 R3IR3r R4 RS R6 RT Pl P2 P3 RO RI RZ R3 R3IR3r R4 RS R6 RT Pl P2 P3
Regions Regions
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AA : tag D° via prompt D**, LHCb update 2013

O Fiducial cuts to exclude kinematic regions  LHCb-CONF-2013-003
with large ms* detection asymmetry. 2011 data, 1 fb!

LHCD
einet
O IP cut to reduce contamination from D° originated from b-hadron decays.

O Constrain the D** vertex to match the PV improves AM resolution.

[ Data divided into several disjoint samples (magnet polarity, hardware trigger).

O Signal yields extracted from a fit to AM = M(h- h* *) - M(h- h*) - M(1t*)

O Weighting to account for differences in kinematics of two final states,
needed for proper cancellation of production and detection asymmetries

- 0.03 T —————
source Uncertainty(%) <%, ,E LHCH =
Fiducial cut 0.02 N R E
Peaking Background 0.04 ok ] L _ 3
Fit model 0.03 001 %T%*”“‘"“ """" e
Multiple candidates 0.01 00k E
Weighting 0.01 0.03E [ E

Soft pion |P\,2 0.08 0.04E [ E
Total 0.10 -0.05 — —

B T R

Soft pion IPy?

AA, = (-0.34 £ 0.15 £ 0.10)%
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