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Neutral Meson Mixing

Neutral mesons oscillate into their own antiparticle:

i (3hoy) = 0130 (2b)

Heavy and light mass eigenstates: 7 o -
o o ) y C, U : o o
By) = plBy) +q|By) B w wooiiE
0 0 S t,c,u b .
By) = p|By) — a|By) - - -
Ditferent masses and decay widths: N -
b w 5y
AT' =17 —T'y - lifetime Lis W b oL
difference > >
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CP Violation in Mixing

P(Bq — BQ) # P(Bq — Bq)
Flavour specific asymmetry:
I'(By — By — f) —T(By — By —~ f) _ 1—|q/pl|*

Afs = ——= = = =
® T T(By— By — f)+T(By— By~ f)  1+]q/p|*

mil gl - fic: ' '
Semileptonic decays are flavcgyr specific CP violation

< if lg/pl=1
W

" —ais is very
B, bs \\ small in SM

C
S . o

0. (Bs ?#Ds (™ KK M) pwy
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Experimental Overview
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1fp-1] a = (—0.06 & 0.50(stat) = 0.36(syst)) % ag |70

f Phys. Lett. B 728 607-615 (2014)

3fb-1| ol = (—0.02 £ 0.19(stat) £ 0.30(syst)) %

Phys. Rev. Lett. 114 041601 (2015)
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Measuring a;in LHCb

We start with a different
amount of By and B
MeSsonNS:

_ o(pp — BY) — o(pp — BY)

Ap = 2
"7 o(pp — BY) + o(pp — BO)

Probability density

— B — B,

l S
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— rapid oscillations dilute
production asymmetry



How to measure a)

Expanding phase space

compa

red to previous

measurement of ay):

LHCb Unofficial
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Cross-check and analysis
on its own: Ap(D7)

Divided in the same bins of phase space

Same background cuts have been applied (when applicable)
Similar methods to determine detection asymmetry

Similar fit strategy

Splitting in kinematic bins




Detection Asymmetries

Due to:
* |left-right asymmetric detector
Ao — e(f) — 5(@ . interaotioq asymmetries -
=(f) + e(f) asymmetric pattern recognition

@ B-field

Negatively
charged muon
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courtesy M. Vesterine



Detection Asymmetries

~ * |argely measured by
e(f) —e(f) reversing magnet polarity
e(f) +e(f) * measure the remaining asymmetry
using data-driven methods

® B-field

Adet —

Positively
charged muon

en
Z
o
Ue
&0
=
=
3
e

charged muon

courtesy M. Vesterin




Example of Detection Asymmetry:
A track using J/p—=u y

A‘ﬁbrgck T /d(I) (PuSig ((I)) o (PWSig((I))) Atrack(q))
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Similar for Ap(Ds)
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Signal Extraction

Pull
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Background Contributions
and Asymmetries for a;)

£0.045F LN
< 004F LHCb Simulation :B‘g“aD( 0 o
Bs = Ds (—> KKT[) U Vy &.035:_ —BE*DOD()X
I E —B _’D—.[_)_‘- X
S 003:— BE—» Dg)
<0.025F AL D
~ - 1%, B —D;K uvX
Backgrounds from: £002F k% B —DiKuvX
« prompt Ds decays POISE LY
* double D decays 0.015— ﬂHﬂs
* b-hadron decays 0‘00(5) E | 'T‘%bf:{,
2 5 6

. . M (D,u) [GeV/c?
These backgrounds come with their own et

asymmetries, which need to be corrected

Fokg Abkg = (—0.037 & 0.028)%

S 4
a 1

-l = Araw — Adet —| fbkg Abk L +
> |- fbkg]< t —{fokgAbkg) —~ 1.23 4+ 0.09

12




a3, (%)

Preliminary blinded results
Of a:l

K*K f L HCb Unofficial

I**

|
O—IN',')

+0. 26(Stat) + 0.18(syst) %
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Background Contributions
and Asymmetries for Ap (D7)

foxg [%]  Ap(B) [%] sign(Ap) foxgAp(B) [x107°]

BT 0.63 £0.18 —-0.3x0.5 — 0.18 = 0.30
B~ 0.09£0.04 —-0.3x0.5 + —0.03 = 0.04
BY 0.81 £0.26 —-0.2x0.1 — 0.16 = 0.10
B 0.20+0.21 —-0.2x0.1 + —0.04 £ 0.05
BY 2014021 0.0£0.0 + 0.00 £ 0.00
A} 0.43+0.11 —-0.9x1.5 + —0.39 = 0.72
- 1.42 —0.11 = 0.72

Total 4.18 4

— Very small
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Comparing to MC
predictions

£ LHCb Simulation
* Generator level MC |
also Includes anon- g e e ese |
zero production '
asymmetry ; LHCb Simulaion
et
o Will compare thisto i 7 e s |
our measurement . ’
g — =
.ot LHCb Simulation
e e i = mm
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Conclusion and Outlook

y . S . .
World’s most precise measurement of a.; is coming soon

Measurement of Ap(D7)around the same time

® F7 7 " Standard Model ||
Expected 0.26% statisticaland & | | | f\\‘
0.18% Sys’[ema’[ic uncer’[ain’[y | l ____________________ \ | EEAGrallla
S 1E = . | _
for ag 3k N
2 -8 Y :
5T LHCb D0k ——
. : DO DMuwvx :
Projection of outcome BaBarD'ly .
with same asymmetry as Bellen — - .
before, but uncertainties j I 0 .
of current analysis ag [%]
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Selection and
Reflection Vetoes



Selection for a)

Dalitz regions

om
K*K
NR

Im(KK) — 1020 MeV| < 20 MeV

Im(KK) — 1020 MeV| > 20 MeV and [m(K~7%) — 892 MeV| < 90 MeV
Im(KK) — 1020 MeV| > 20 MeV and |[m(K " 7%) — 892 MeV| > 90 MeV

Trigger and global
runNumber

L0 TOS

HIt1 TOS

HIt2 TOS

le (110000, 114000]

p is LOMuon TOS

p is HIt1TrackMuon TOS

OR B is Hlt1TrackAlILO TOS

B is B_HIt2TopoMu(2|3|4)BodyBBDT TOS
OR p is Hlt2SingleMuon TOS

Candidate
Z(DS) - Z(Dsﬂ)
D, log(IP)

BS MCO!‘I‘

B, Mass

D, Mass

> 0.0 mm

> —3.0

> 4200] MeV

< 5200] MeV

€ [1900,2040] MeV

Final state particles
muon Pr

muon P

pion Pr

pion P

same-sign kaon probN Nk
same-sign kaon probN Nk

> 1.2 GeV
> 6.0 GeV
> 400 MeV
> 5.0 GeV
> 0.1

> 0.15

K*K, NR
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Reflection Vetoes for a3

Vetoes
Jh) veto
Jh) veto
Al veto

A} veto

K*(892)° veto

D% veto

Misid K*(D}) — 7" low mass
B — D*(— D%r)uv veto

B — D*(— D)uv veto

D*+ — DY(K+K-)rx+

Veto if
n* isMuon AND 3042 < m(n;u~) < 3147 MeV

K* isMuon AND 3042 < m(K; u~) < 3147 MeV
K* PIDp-PIDK > —0.0 AND 2261 < m(K; K~ 7") < 2315 MeV

K* PIDp-PIDK > —15.0

AND 2261 < m(K; K~ n™) < 2315MeV

K* PIDK < 8 AND |m(KK~) —892| < 25 MeV

K* PIDK < 30 AND |m(KIK-n*) —1870| < 20 MeV
K* PIDK <7 AND m(K*,K~) < 800 MeV
m(KIK ") —m(K n") < 175 MeV

m(K*K_nt) —m(K*n*) < 175 MeV

135 <m(KTK~nt) —=m(KTK™) < 152 MeV

20

Applied to
or, K*K, NR
K*K, NR

o

K*K, NR

K*K, NR

K*K,NR

K*K, NR

K* (892)°K*, (K* K~ 7%)\p
K* (892)°K*, (K*K~1%) g
NR



Reflection Vetoes Example

Misidentitied p
Nt

Misidentified

\ S D+—=KKmn

£2040 £2040
§2020 §2020
E1980 | El980
¥.I960 ¥l960
1940 1940
>‘:1920 >‘1920
1900 1900
1880 1880
1860 1860 =
1840 . 1840 .
8208 LHCDb Unofficial 208 LHCb Unofficial
1500 -1 0.5 0 0.5 | 1500 -1 -0.5 0 0.5 |

Figure 14: The (JWDJ" B) spectrum for the 2012 + 2011 MagUp & MagDown dataset, selecting
events for which the opposite-sign kaon and pion are candidates for the KstarK region, without
(left) and with (right) reflection vetoes.
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Selection for Ap(D7)

0 Global_TIS

LT1 TrackAlILO_TOS

LT2 CharmHadD2HHH
Stripping D2hhh_KKPLine

Variable Cut
Global runNumber | '€ [110000, 114000]
Pions pr > 400 MeV
P > 5.0 GeV
Track GhostProb < 0.5
Kaons 'Track GhostProb < 0.5
D, DOCA x? < 30
Vertex x?/DOF < 8.0
M | € [1900,2035] MeV
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Reflection Vetoes Ap (D7)

Table 49: Reflection vetoes applied to the prompt Ds sample.

Vetoes

ProbNNk

AT veto

D" veto

D** - DY(K*K™)nt

ProbNNk
D* -D
D* —-Dr

Al veto

K*(892)° veto
D veto

Veto if

K™ ProbNNk < 0.10

K™ PIDp-PIDK > 0.0 AND 2261 < m(K;K~n") < 2315 MeV
K* PIDK < 20 AND |m(K K n") — 1870| < 20 MeV

135 < m(K*K ") —m(KTK™) < 152 MeV

K™ ProbNNk < 0.15

m(KITK 7)) —m(K n") < 175 MeV

m(KTK_7") —m(K_7") < 175 MeV

K* PIDp-PIDK > —15.0

AND 2261 < m(K;K_ﬂ"*) < 2315 MeV

K™ PIDK < 8 AND |m(KK™) — 892| < 25 MeV

K* PIDK < 30 AND |m(KIK-—=n")— 1870| < 20 MeV

Applied to

om, K*K, NR

K*K, NR
K*K, NR
K*K, NR
K*K, NR

K*K, NR
K*K, NR
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Signal Extraction



Splitting in bins of ptand vy

Bins in pt and y, same as

same Dalitz regions: for 2011 measurement:

L o5 o Phys. Lett. B 713 (2012) 186-195
8§71 . LHCb Unofficial 5
YoOL e y |
s 2 1] i 45— e T
E * [i@gl T LHCb Unofficial

15 & ) R

A = 3.5t

Y A KK of

0.5:— 2i—

m2(K'K") [GeV?]



http://www.sciencedirect.com/science/article/pii/S0370269312006272

Measuring Araw for a

Two strategies:

o ¢ region: 2D fit in m(KKr) and log(IP) in bins of py

e ¢, K*K and NR: 1D fits in m(KKr) + cut on log(IP)
more signal, but in K*K and NR regions also:

— more combinatorial background
— contributions from mis-1D Ac and D+
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Signal Extraction for a;

----- Combinatorial
EmD o
CDi—¢n

fficial

O

0 | | i
g OMWWMWWWMWMM
_ | | | |
15800 1850 1900 1950 2000
M. (K K* &) (MeV)
B | I
'y Combinatorial |
* @ D' — K (892) K*

CTme——————

1850 1900 1950 2000

M._ (K K" nt*) MeV)

mv

T |

----- Combinatorial

@ D' — K K* * (NR)
D! =K K'a*(NR) 3

1300 1850 1900 1950 2000
M, (K K* 7%) (MeV)
a: 1
sl __
P _ Adet _ fbkgAbkg)
2 1 — fbkg
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Signal Extraction for Ap(D7

| |
4 ----D:—>K’K+TC+
10 |:| Combinatorial
10°
102
5
_<E | |
1900 1950 2000

10°

10°

M. (K"K x) (MeV)

mv

.
.
.
.
.
-
.”
.
-
.
-
-
PE

|:| Combinatorial

----D! =K K* ot

2000

M. (K"K ) (MeV)

mv

B 1
1 — fbkg

1 — Ap — foxgAp(B))

il

----
~

----Df =K' K*
|:| Combinatorial

o8 1900 1950 2000
M._ (K"K x) (MeV)

mv



b 2D fit

fits In bins of mMuon momentum

Events/ (1 MeV )
Events / (0.1)

» ‘+ |‘h ‘T‘L

m(KKm) (MeV)

Signal: DSCB
Secondaries: DSCB

29

900
800
700
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500
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300
200
100

LHCb Unofficial

‘;& ;#4 H}fg ¢ }{‘LH\)‘&* H{ﬁ{.}* 0 }#} #;{-};H{ {,,%

In(IP/mm)

6

Signal: Bifurcated Gaussian

Secondaries: Bifurcated Gaussian
Background: 2nd order Chebyshev Background: Bifurcated Gaussian



Detection
Asymmetries



Gathering all detection
asymmetries .

Same for Ap(D7)

J/b = py
* Atrack (U and m): 3 methods < D* = DO (= Knm) s

D* — DO, ratio: D) KT
e Ay, using JY = pp DO —=Kpv

HLT 1 TrackMuon

* AHLT1, 2 trigger lines: <
HLT1TrackAlILO

o using Akn
o using PlIDcalib
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Events /(115 MeV)

A n track using
D*— D°(— Krmm)Tie

A{“f;ck — /d(I) (PNSig ((I)) o (PWSig ((I))) Atrack(q))
Using: D* — D°(— Krrm)m,
compare partially (missing m) and fully reconstructed decays

r v T - ~ 0.1 T T T T
“F Partial ] 3 =008 et I
g - 7006 -
: < S o
zooof- RS s 2 004 r
: £ =
. 7 & T 002 =
100005- \ . {‘\ () :::g&:—: .—:’_—“—' -
sooof LHGbUﬂ@fﬁO 'rg_()_()g -
5 . £.0.04 =
¢ $ L £ - =
g, M b E L HCb Unofficial 1 006 | HCb Unofficial
* T ) T T 140 145 150 155 160 0408 F
m 2 (K22) Fmi(K22)] (MeV) m[x*(K3x) ]-m[(K3.1)°] (MeV) _0 I M " PR | |

i 1 N M M M N M i M e
20 40 60 80 100
Detected Momentum of m [GeV]
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Apusing J/p—p+ys

tag-and-probe method using J/¢¥ — u™u~ decays

Measures the p ID, LO
and HLT1 asymmetry as
a function of p and pr

2 1.5
& F Strp20 DIMUON >~ Magnet up
< —— Magnet down
< ¥ = Avera
T 1 " ge
{5
0 iy L L
-o.s;JHJ o
- LHCb Unofficial
15[ PP e RS RS R
0 50 100 150 200 250 300

Momentum [MeV/c]
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m: At’ibr?ck_FAglteractlon_l_AETD —|—AIb()*G10baLTIS _|_ALD _|_A'LI;OMuon_TOS _l_Alelthuon_TOS

Ut Detection Asymmetries

e Efficiency ratios:

e(ptmr) _ ND*— K utv,) ND — Ktr7)
s(p=m*)  ND' - K+u-w,) ND?—= Kot

* Use ratio to cancel 10—
Ap (D*) and Ab (K) :

| ]
---------------

Large samples for 10% ST
D*—=DO (=K 1) T 4 1 iLHCb Unofficial

140 142 144 146 148 150 152
34 A m [MeV]




j4jnteractkn1 quiKEIObaJ'TIS

141/L7T 141t1;?Cﬂ{ + 141533 14[1}) 4+

leOhduon_TT)S

_+_j4}ﬂt1h4uon_TT)S

Ut Detection Asymmetries

Split in bins of visible

Entries 1e+07

iy
o
w

220
200

Mean 1328

RMS

245.2

180
160
140
120
100
80
60
40
20

I—arge Samples alSO fOr &0 800 1000 1200 1400 1600 1, :)Jc}kz‘ooo
D*=DO (=K pvy) T

e
:
~

M (visible) [MeV]
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mass to make mass fits

2500

2000

1500{-

ol

1000}

5002—

L}
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"
-
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"
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-

_______
e
am
e
-

P LHCb Ur_lofﬂmal

b =-0.006872 + 0.00036
h = 168.607 = 0.059
1= 139.999 = 0.011
nbkg_DO0 = 59019 = 609
nbkg_DObar = 58222 + 608
nsig_DO0 = 94436 + 637
nsig_DObar = 94316 = 637
sh = 3.219 = 0.092

= 0.512 = 0.019
sslope = 0.01030 = 0.00052

ded e

nli_
140

450 160 170

180 190

A m [MeV]

1400
1200
1000
800
600
400

)

ZOOj

| SV

b =-0.007919 = 0.00033
d= 100 =+ 3112

h = 148.082 + 0.096

1= 143.117 = 0.055
nbkg_DO0 = 8186 + 97
nbkg_DObar = 7992 = 95
nsig_D0 = 11814 = 114
nsig_DObar = 11487 = 112
sh = 1.291 + 0.063

sl= 0.725 = 0.031
sslope = 0.012 = 0.019

LHCb Unofficial
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Hhors 5SS KKPNH
Ertries 1711629
Mean 201
o 1312
() —— hd v T T T T T
B
[a—
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o
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3 = 0.2F LHCb
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ool — 18 e
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looks at the global difference In momentum spectra for the
same-sign and opposite-sign kaons.
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Strip20, K_DLLK > 4.0

APID

App(K°) [%]

T LHCb Unofficial +

Ml A
| e ey
0 :?;;‘m:--

- A
(e TN e

0.5
- -=— Magnet up

=== Magnet down

I -~ Magnet avg.
- :

W T TR S| |

0o 20 40 60

A l A
100

x10°

Large PID asymmetries,
that are dependent on
the background vetoes

* Using PIDcalib; D* tagged DO—=Krm for K and m

J/p = pp for
* Currently evaluating the effect of sWeights in
PIDcalib on the raw asymmetry
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