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Charm System

Mixing in a Nutshell

> Mixing in Neutral Mesons:

mass#flavor eigenstates
» Mass Eigenstates:
—=0
Dy2) = p|D°) £ q|D"),
pI* + g =1

L—r

my—m

Y ="7r

A. Davis

3 Types of CPV

Direct CPV (Charged and Neutral)
Ar = (f|H|D) Az = (f[H|D)

A=
7|71

CPV in Mixing (Neutral)

q
141

Weak Phase: ¢ = arg (%)

CPV in Interference between Mixing
and Decay (Neutral)

arg (%f—;) #0
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Charm System

Short Range W
C——WWWWWW——>— U

Charm Mixing in the SM d.s,bY Ad.s, b

> Only up-type quark system with U —— " WWWWWW—e— ¢
mixing/CPV Long Range w

> Mixing enters at 1 loop level in SM, t KT
GIM and CKM suppressed

> Non-perturbative long-range effects 0 50

may dominate short-range
interactions, difficult to calculate

x, y expected to be small in short and
long range limits, CPV expected to be
0(1073) in SM c u
If enhancement of CPV is seen, could
be caused by New Physics (NP)
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Charm Mixing and CPV at LHCb

> o(CC)LHeh, 7Tev =
1419 £ 133ub

Nucl.Phys.B 871(2013), 1

> o(bb)Luch, 7Tev =
75.3+ 14.1ub

Phys. Lett. B 694 (2010), 209

» > 1B reconstructed

charm decays!
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http://www.sciencedirect.com/science/article/pii/S0550321313000965
http://cds.cern.ch/record/1291838/files/plb.694.209.pdf
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Rever5|ble Polarlty | =

/T Separation |®

TT & T Statlons
Ap/p=0.4%—0.6% &
for 5 — 100 GeV Tracks
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o(€C)LHep, 7Tev =
1419 £ 133ub

Nucl.Phys.B 871(2013), 1

o(bb)Luch, 7Tev =
75.3+ 14.1ub

Phys. Lett. B 694 (2010), 209

> 1B reconstructed
charm decays!

Today: Results from
Vs =7 and 8 TeV
2011 and 2012 Data,
3fb~1!
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http://www.sciencedirect.com/science/article/pii/S0550321313000965
http://cds.cern.ch/record/1291838/files/plb.694.209.pdf

D° — D° Mixing/CPV
PRL 111, 251801 (2013) 201142012 Dataset

D® — DO Mixing/CPV

: i DCS
Analysis Strategy
» Reconstruct D** — Drf, R 0o
> RS: DO = K—rt o v @
» WS: D — K+7—
> WS(t)/RS(t) —Separate mixing, DCS M @
> Split into D°(D*+) and D°(D*~)
><:II-06 T T X103
T % Lo + Data 1%
2 F@ — Fit 13 — Fit
= 6E I Background 3 = B Background
— F E |
S 5 ERS
g 18
g 3 ~5M {8, ~ 230k
2 2% RS Decays | o 0 WS Decays
S i el
O 1

é.005 2.01 2.015 2.-02 02005 2.01 2.015 2.02
M (D%t [GeV/c] M (D) [GeV/c]]
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http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.111.251801

D° — D° Mixing/CPV

PRL 111, 251801 (2013) 201142012 Dataset

CPV Fit Strategy N Lich 4 [>
= 1|2
> For small x & y, & EN N
+ .
+ _ (Ws(t) 4
R(t)* = (RS( )) RN
_ p* [ ot i ( ’i)2+(y’i)2 2. ]
R + R y ('r) % — CPV allowed
e No direct CPV 4
x’ . cosd  sind X No CPV 3
(y’)_(fsiné cos6)(y) ]
> Direct CPV — R}, # Rp < S
» Indirect CPV — (27, y"*) # (x27,y' ") « 12
| ] @
» K7 detection asymmetry and secondary * - EEe
decay accounted for in fit by 3 7 3 —
tit
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http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.111.251801

D° — D° Mixing/CPV
PRL 111, 251801 (2013) 201142012 Dataset

Results
Direct and indirect CPV No direct CPV No CPV
RSI1073] 3545 £0.082 £ 0.048 Rp[1073]  3.568 =+ 0.058 + 0.033 Rp[1073]  3.568 + 0.058 + 0.033
y'*[1073] 51+1.2+07 y'*[1073] 48+09+06 y'[1073] 48+08+05
x"2+[107°] 49+6.0+3.6 x2+[1079] 6.4+47+3.0 x2[107°] 55+4.2+2.6
Rp[1073]  3.501+0.081+0.048  y'~[1073 48+09+06 x?/ndf 86.4/101
y'7[1073] 45+1.2+07 x27[1079) 4.6 +4.6+3.0
x27[107%] 6.0+58+3.6 x2/ndf 86.0/99
x2/ndf 85.9/98
G 20—
s f ]
— L ]
= F ]
10f .
5 —LHCb .
[ - BaBar ]
o Belle ]
[ CDF i 1
BaBar: PRL 98 (2007) 211802 I P P SR
Belle: arXiv:1401.3402 -1 -0.5 0 0.5
CDF: PRL 111 (2013) 231802 x'? [10’3]

Results consistent with CP Conservation
A. Davis
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http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.111.251801
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.211802
http://arxiv.org/abs/1401.3402
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.231802

D° — D° Mixing/CPV
PRL 111, 251801 (2013) 201142012 Dataset

World Average, All-CPV allowed

Indirect CPV
April 2013 November 2013 > In the case of no
LHCb 2011 1 fb=! D% — K7 LHCb 201142012, 3 fb~! D° — K Direct CPV, ¢ and
and LHCb 2011, 1 fbAr lq/p| are related
3 W7 B G wio
L P (superwesk
S0 b g a5 .
£" B® constraint)
20/ 20
o o
[ X
i y tan¢ = (1 — %) x
-ag -ag-
-60- -60
02 04 06 08 1 12 14 16 18 0.‘2 0.‘4 0.6 0.‘9 ‘; 12 14 1.‘6 1.‘8 Dataset ‘q/p‘[%] O[o]
o i _FIFAG April 2013_100.4+65 —16%25
HFAG Nov. 2013 _1008=14 —03%05
lg/p| = 0.69 £ 0.16 lg/p| =0.91+0.10
A. Davis
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http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.111.251801

Muon Tagged AAcp
NEW LHCb-PAPER-2014-013 (in prep.) 201142012 Dataset

Muon Tagged AAcp and Acp Review

» Define
N(D — f) — N(D — f)
N(D — f) + N(D — f)
» Use B — D%uX, with SCS D° — KK and D° — =7
Araw = Acp + AD(,LL)\+ Ap/(B) + O(A%)
want

AAcp = Araw(KK) — Araw(m) = Acp(KK) — Acp(m)

Araw =

» Can also get Acp(K~K™) using B — (D° — K=n")uX
Acr(KK) = Aaw(K~K*) — Araw(K~77) + Ap(K~7%)

» And Acp(n~ ), derived using
Acp(r™mt) = Acp(K™K™) — AAcp

A. Davis
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Muon Tagged AAcp
NEW LHCb-PAPER-2014-013 (in prep.) 201142012 Dataset

Analysis: Yields

x10°
~_~ T ~ T
a o
< Ch. RS 60000 LHCb
> Preliminary = Preliminary
§ -e-Data 250000 —e-Data
= — Total E — Total
- ---- Signal ~40000 ---- Signal
—
I B Comb. bkg. T 8 Comb. bkg.
> ~ 30000 0. -
B 2 Wo'-K
I} ]
=)
= § 20000
g s}
0 g 10000
0
1850 1900 1800 1850 1900
M(K K*) [MeV/c?] M(mn*) [MeV/c?]
x10° x10° 10
z " 3 ! L 20 D, KOn- LHCh
3 o ~895M b 32 of < 401M ~Toul 3= (VELO+TT+T) ol
2 s (Acr(KK)) P Sl P S S 5 Com i
I3 ‘omb. < N N .
3 & g 600F 4% 100 (T+TT)
Z 200F 45 S 80|
2 é 400F A% 60
5 100F 35 200k 343 ‘;g
550 1900 1850 1900 1850 1900
M(K*1t) [MeV/c?] M(K*Tmt) [MeV/e?] M(Km) [MeV/c?)

Signal: Gaussian + Crystal Ball. Background: Exponential

ing and CPV at LHCb 10/14



Charm System D° — D° Mixing/CPV Muon Tagged AAcp Conclusions

NEW LHCb-PAPER-2014-013 (in prep.) 201142012 Dataset

Nuisance Asymmetries
» CP asymmetries do not depend on kinematics

> Must remove nuisance asymmetries (kinematic dependent)
» Control modes not needed for AAcp
Reweight D°(pr,n) from D° — KK to match D° — 77

Ap(n), Ap(B)
AAcp = Araw(KK) — Araw(m) = Acp(KK) — Acp(m)

» Acp(KK): 3 modes for full cancellation

DO(PTJ?) from K: ﬂnotTrigger(pT;n) from D+a7TTrigger(pT777) from
D° — Kr prompt Dt — Krrm prompt DT — Kor
to match D° — KK to match D° — Kr to match Dt — Knr
Ap(u), Ap(B) A(Km) A(D), A(r)

Acp(KK) = Aaw(KK) — Aaw(K™7T) 4+ Aaw(K~at7™) — A,aW(WOﬂJr) — AD(KO)
> Measure detection asymmetries
Ap(K®) = (0.054 + 0.014)%, Ap(K~7") = (-1.17 £ 0.12)%

A. Davis
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Muon Tagged AAcp

NEW LHCb-PAPER-2014-013 (in prep.) 201142012 Dataset

(Preliminary) Results

Source of Uncertainty AAcp Acp(K~KT)
Production Asymmetry:
Difference in b-hadron mixture 0.02% 0.02%

Difference in B decay time acceptance  0.02% 0.02%
Production and Detection Asymmetry:

Different weighting 0.02% 0.05%

Non-cancellation - 0.03%

Neutral kaon asymmetry - 0.01%
Background from real D° mesons:

Mistag asymmetry 0.03% 0.03%
Background from fake D° mesons:

D° mass fit model 0.06% 0.06%

Wrong background modeling 0.03% 0.03%
Quadratic Sum 0.08% 0.10%

\ AAcp = (+0.14 + 0.16 + 0.08)%

Correlation (AAcp, Acp(KK))

p=20.28

Acp(K~K*) = (—0.06 £ 0.15 + 0.10)%

Acp(m~n") = (—0.20 £ 0.19 + 0.10)%

Consistent with CP Symmetry
A. Davis
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Muon Tagged AAcp
NEW LHCb-PAPER-2014-013 (in prep.) 201142012 Dataset

World Averages

(a) BaBar |
BaBar |
CDF b Preliminar:y
—e—i 2F LHCb
Belle
————

LHCb |)re1im. (pion tagged)
1.0 fb-

LHCb (muon tagged)
3'_0 ! Preliminary

World average ]
P PR

1 0 ] 0o 05 1
. Aplmt) [%
_PRL 100 (2008) 061803 AAcp %] e ) [%]
_PRL 109 (2012) 11601
_arXiv:1212.1975
_LHCb-CONF-2013-003
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.061803
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.111801
http://arxiv.org/abs/1212.1975
http://cds.cern.ch/record/1521995?ln=en

Conclusions

Conclusions

» With 3 fb~!, LHCb has

Searched for CPV in D° — D’ system

Given tight constraints on AAcp, Acp(KK) and Acp ()
No sign of CPV yet

and much more

vV vy vVvYyYy

» Many analyses in progress on full 3 fb~1 sample

» 2015 is just around the corner! Stay tuned!

A. Davis
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PRL 111, 251801 (2013) 201142012 Dataset

Results
10 T T T T e T
LHCb (a) CPV allowed (b) No direct CPV (c) No CPV
& gl 4 4+ 4
76
.:'.
> 4F T T b
-+ 99.7% CL
2L --DY68.3%CL ” I --D%68.3%CL I --955%CL ]
—D%68.3% CL —DY68.3% CL —68.3%CL
OH‘IH“lHHl“HIHAxxltxxtlxxxxlxtxxlxxH‘IH“luul“HIH
-0.1 0 01 02 -0.1 0 01 02 0.1 0 01 02
X 2[10°
Direct and indirect CPV No direct CPV No CPV
RA[1073]  3.545+0.082 +0.048 Rp[1073]  3.568 + 0.058 + 0.033 Rp[1073] 3.568 + 0.058 + 0.033
y'*[1073] 51+1.2+0.7 Y1073 48+0.9+0.6 y'[1073] 48+0.8+05
x2+[1075] 49+6.0+36 X2+[1079 6.4 +4.7+3.0 x2[1075] 55+4.2+26
Rp[1073]  3.591 +0.081 = 0.048 y'[1073] 48+0.9+0.6 X2 /ndf 86.4/101
y'~[1073] 45+1.2+07 x"27[1079] 4.6 +4.6+3.0
x27[1079] 6.0+£58+3.6 x?/ndf 86.0/99
X2/ndf 85.9/98
Results consistent with CP Conservation
A. Davis
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http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.111.251801

NEW LHCb-PAPER-2014-013 (in prep.) 201142012 Dataset

AAcp — Acp

» Can get Ap(p) and Ap(B) from p-tagged D® — K—n+
Ao K1) = Ap (1) + Ap(B) + Ap(K~ %)
/

Ap(K™71) = Amu(K 7T71) — Aun(Ko7H) — Ap(K°)

—_

From Prompt From Prompt
Dt - K ntrat D+ = Kont

Measure in this analysis.
Test removal by splitting by magnet polarity

\AACP = Aaw(KK) = Araw () = Acp(KK) — Acp(nrr) \
Acp(KK) = Araw(KK) — Aaw(K 1) + Ap(K~ )
‘Acp(mr) = Acp(KK) — AAcp |, Accounting for Correlation
Final Result: Weighted Average of 201142012
A. Davis
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NEW LHCb-PAPER-2014-013 (in prep.) 201142012 Dataset

Neutral Kaon Asymmetry, Ap(K?)
> Detect Kg, dominated by decay to 7w
> Need to describe mixing, CPV and absorption in detector
» Calculate by dividing into steps using LHCb Material Map and

— = T 5 T
IS 1?; —=- Shifted prediction HCb ; I 2 :_ —&— Shifted predlcuon E
g 0 5; —e— Data Prellmlnaw(a) é ; 1 —e— Data Preliminary; 1 )
< ok VELO+T+TT ER of T+TT E

E 201142012 E 2012

-0.5F E 71 E
-1 E 3
-1.5F E -2 f =
2F p-value:0.81 3 _3pp-value:0.31 =
2.5 E ! ! ! E E ! ! E

0 0.1 0.2 0.3 0.4 0 1 2
1/7Tg t/Tg

» VELO+T+TT, 201142012: result, 2012 T+TT: systematic
> Includes overall shift to account for Ap(D™) and Atracking(T)

| Ap(K©) = (0.054 + 0.014(syst))% |
A. Davis
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Ap

(K~ 7%)

NEW LHCb-PAPER-2014-013 (in prep.) 2011+2012 Dataset

» Have all the info to calculate Ap(K ™ 7™)

Asymmetry Magnet Up [%] Magnet Down [%] Mean [%)]
Ap(K) —0.054 +0.014  —0.054+0.014  —0.054 4+ 0.014
Aaw(K~7t7rt)  —1.969+£0.033 —1.672+0.032 —1.827 +0.023
A (K1) —0.94 £0.17 —0.51+£0.16 —0.71£0.12
Ap(K—7T) ~1.08+0.17 ~1.22+0.16 —~1.17+0.12

LHCbD Preliminary

i

» Driven by different
Ulnteraction(K) in matter

A. Davis

L
20

40 60
Kaon p [GeV/c]

p(K), as expected

> Decreases with increasing

Charm Mixing and CPV at LHCb
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NEW LHCb-PAPER-2014-013 (in prep.) 201142012 Dataset

i Mistag Probability
» No handle on m(B) — possible p mis-id
» Dilutes observed asymmetry
AAcp = (14 2w)[Araw(KK) — Araw(7)]
Acp(KK) =
(142w) [Araw(KK) = Araw (K7)]+(1—2R)Ap (K )
» R=(R"+R7)/2
= (0.389 4 0.003)%, from Mixing/CPV, time
integrated
» Extract with D® — K—7t, take CPV/Mixing  pv e
into account
» Cross Check with B — p(D* — D%7)X
subsample

[ w(AACp) = (0.988 + 0.006)% |
w(Acp(K~K™)) = (0.791 % 0.006)%

A. Davis
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NEW LHCb-PAPER-2014-013 (in prep.) 201142012 Dataset

(Preliminary) Results

Source of Uncertainty AAcp Acp(K~KT)
Production Asymmetry:
) ) ) Difference in b-hadron mixture 0.02% 0.02%
— Magnet Up[%] Magnet Down[%] Mean(%] Difference in B decay time acceptance  0.02% 0.02%
Aaw(K~K') | —0.46 £0.11 —0.434+0.11 —0.44 £0.08 P . . .
4 roduction and Detection Asymmetry:
Aaw(r~7T) | —0.45+0.20 —0.66 +0.19 —0.58 +£0.14 Different weighting 0.02% 0.05%
AAcp —001£0.23 10244022 _ 0.14%0.16 Non-cancellation , 0.03%
Aaw(K~K') | —0.45+£0.12 —0.41+0.12 —0.43+£0.08 Neutral kaon asymmetry - 0.01%
Aaw(K=7%) | ~141+£0.05  —-159+005 —151+004 Background from real D’ mesons:
Ap(K~nt) | —1.08£0.07  -1.22+0.16  —1.17+0.12 Mg asymmety 0.03%  0.03%
Acp(KTKT) | —0.09£021  —001£021  —0.06=015  —poBoum, from Jake B mesons: 008%  0.06%
Wrong background modeling 0.03% 0.03%
Quadratic Sum 0.08% 0.10%

| AAcp = (+0.14 4 0.16 + 0.08)%|
Acp(K~K™) = (-0.06 +0.15 +0.10)%
p=0.28

Acp(r~ ") = (-0.20 £ 0.19 £+ 0.10)%
Consistent with CP Conservation
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NEW LHCb-PAPER-2014-013 (in prep.) 201142012 Dataset

Semileptonic AAcp Calculation of Asymmetries
> All production/detector asymmetries must cancel
> Reweight Kinematic distributions to remove residual
production /detector asymmetries
» Weight D° (pr and n) distributions of KK to match 77
— 8% reduction in statistical power
> Additional reweighting for Acp(KK) to cancel DT asymmetries
» Ap(p), Ap(B):D° — Kr (pr,n) reweighted to match
D® — KK
—3% further reduction
» A(Km):Dt — K (pr,n) reweighted to match D° — K
— No loss of power due to high stats
» Residual A(DT), A(m): DT — K'nt, D and 7+ (p1,m)
reweighted to match D" — K= n Tzt
— 77% reduction in statistical power
> Needed to ensure full cancellation of detector/production
asymmetries

A. Davis
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