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Introduction [1] JINST 3 (2008) S08005

[2] arXiv:1405.7808
The LHCb Detector

[3] Eur. Phys. J. C73 (2013) 2431
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® Single-arm forward spectrometer with acceptance 2 < 7 < 5, designed for precision
measurement of decays involving b and ¢ quarks(.

® Vertex Locator (VELO) provides fine tracking about the interaction point,
achieving impact parameter (IP) resolutions of ~20 pm for tracks with
pr > 1GeVH.

e Two Ring Imaging Cherenkov (RICH) detectors provide particle identification, with
excellent separation of 7t and K over a wide momentum range[3].
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Introduction [4] Nucl. Phys. B 871(2013), 1
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e Recorded 1.1 fb~! at /s =7 TeV in 2011 and 2.1 fb~! at
Vs =8 TeV in 2012,

e Huge c€ 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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http://www.sciencedirect.com/science/article/pii/S0550321313000965

Introduction

Mixing and CP violation formalism

e For a decay D— f and its CP conjugate D— f, with amplitudes As and Z\;
respectively, direct CP violation is quantified by:

2 = 2
AT — | A
=——T_
Arl? + | A
e For DO, the mass eigenstates |D; 2), with masses m; > and widths Iy 5, are

i by: _
given oy ID1,) = p[D°) + g|D%),

Aqg

with p and g complex, satisfying |p|2 + |q|2 =1
e The rate of mixing is quantified by
x=2(my—my)/(T1+T2)andy = (T, — T1)/(T1 + ).
e (P violation in mixing is quantified by

Am = (la/pl* = p/al?)/(la/pI* + |p/al?),

and in interference between mixing and decay (when f = f) by
)\f = qu/pAf = |qu/pAf| e’d’.

e (P violation in charm is predicted to be very small in the Standard Model -
observation of significant CP violation could indicate new physics.
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Introduction

DP flavour tagging

h+

p-p
collision , p-p
h- collision

e Flavour of D at production can be determined using:
e “Prompt” D** — Dot} , with D** produced directly from the p-p
collision - DO IP w.r.t. primary vertex (PV) consistent with zero.
e “Secondary” B— D°u=X - D°IP w.rt. PV significantly non-zero.
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Multi-body D decays
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Multi-body D decays

M. Alexander (University of Glasgow) Mixing and CPV in charm at LHCb PANIC14 2014/08/26 8 /30



Multi-body D decays [5] LHCb-PAPER-2014-046

T-odd correlations in D — KKttt

e Multi-body decays give sensitivity to CP violation due to interference
between resonance structures in different phase space regions.

e In D®— KTK~nt7, triple products of final state particle momenta
in DO rest frame are odd under T:

CT = 5K+ . (5ﬂ+ X [_)‘7.[7), for DO,
Cr = By~ + (B X Brr), for D°.
e T-odd observables are then sensitive to CP violation:
A, = [(Cr>0)—T(Cr <0) N(—Cr>0)-T(-Cr <0)
T T(Cr>0)+T(Cr <0)’ r(—Cr >0)+T(=Cr <0)
o Final state interactions introduce significant asymmetries, so are
cancelled in the difference to access the D® CP asymmetry

At

odd _ 1 .
QZPOdd = E(AT — AT)

e By definition insensitive to production and detection asymmetries.
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https://cds.cern.ch/record/1748270/files/arXiv:1408.1299.pdf

Multi-body D decays [5] LHCb-PAPER-2014-046

T-odd correlations in D° — KK-nr 7t~ (Il)

e 171k DO — KK—mttm—

2
TGTCH e | SIOTED ) inon | candidates, tagged using
2 st 32 w0 i B— D%u~ X, selected from
. 3000F 4 < 3000F E _
g 1820 ] 3 fb~! of data.
e et . e Fits to m(K*K—nrn™)
. . — . distributions directly yield
m(K*'K 1r'7) [GeV/c] m(K*K 1T [GeV/c]

asymmetries using:

o
PUL

g O°FE S A ‘3
TEOTEH oo | S NOTCO | Lhos Npo >0 = %NDO( 1+ A7),
Eposi3 139 ] 1
[lpsecs e ] Npo,cr<0 = 5 Npo(1 — A7),
[eet3 18 3 1 _
e Niso,—gr>0 = 5 Nipo(1 + A7),
m(K*K 1) [Gevi/c] m(K*K TeTr) [Gevi/cq] 1

Npo, ;<0 = 5Npo(1 = Ar).
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https://cds.cern.ch/record/1748270/files/arXiv:1408.1299.pdf

Multi-body D decays [5] LHCb-PAPER-2014-046

[6] HFAG
T-odd correlations in D° — KK-nr 7t~ (lll)

e Phase space integrated fits yield

Ar = (—7.18 £+ 0.41(stat) £ 0.13(syst))%,
AT = (—7.55 + 0.41(stat) # 0.12(syst))%,
alP% = (0.18 = 0.29(stat) = 0.04(syst))%.

o cf. current world average: al;*%¢ = (0.11 + 0.67)%I°L.
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https://cds.cern.ch/record/1748270/files/arXiv:1408.1299.pdf
http://www.slac.stanford.edu/xorg/hfag/charm/cp_asym/charm_todd_asym_4apr13.html

Multi-body D decays

T-odd correlations in D? — KTK-nt 7wt~ (1V)

e Asymmetries also measured in 32
bins of Cabibbo-Maksimowicz

phase space variables: m

2
ot

m2 4, cos(0r), cos(fk) and ¢.

e 2 test for consistency with no CP violation across phase space yields

p-value of 74 %.

s

[5] LHCb-PAPER-2014-046
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K

e Similarly, binning in D° decay time yields a p-value for consistency with no
indirect CP violation of 72 %.

e Thus, no evidence for CP violation is seen.
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Multi-body D decays [7] Phys. Lett. B 726 (2013) 623-633

Search for CP asymmetries across multi-body phase spaces

e “Miranda” method examines the significance of CP asymmetries
across bins of phase space using:

j N;(D%) — aN;(D°) N(DO)

Sep = ——, a = N(DO)

Vo N:(DO) + N(D0)) (D%

(=)

e N; is the number of D° in bin i, and « cancels any global production
and detection asymmetries.

o Ay test for consistency with zero CP violation is then performed,
with x2 = %; 5 P % and Npins — 1 degrees of freedom.

o Complementary to T-odd method as a9  sin(¢) cos(d) while
Scp o sin(¢)sin(d), with ¢ the weak phase and § the strong phase of
the interfering amplitudes.
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Multi-body D decays [7] Phys. Lett. B 726 (2013) 623-633

Miranda analysis in D — K*K~nt*7t~ and
D= mf
e 57k D — K*K~ntn~ and 330k D® — ttn~ it~ candidates,
tagged using D** — D7} | selected from 1 fb~! 2011 data.
o Distributions of m(hhhh) and Am = m(D**) — m(D?) fitted to
determine vyields.
e Nominal binning schema yields p-value of consistency with zero CP
violation of 9.1 % (41 %) for D® — K*K~ntn~ (D®— ntmmtm).
e Cross checked using D° — K~nttrtr~ and various different binning
schema.
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Multi-body D decays

[8] Phys. Lett. B 728 (2014) 585-595

Miranda analysis in D™ — 7ttt t"

3.1M prompt Dt — 77t tt candidates selected from 1 fb~1 2011

data.

Distribution of m(mt~7tt7t™) fitted to determine signal yield.

Various binning schema used, as well as an unbinned technique to

measure CP asymmetries, all yielding p-values for consistency with
zero CP violation > 20%.

Cross checked with CF DY — -ttt
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https://cds.cern.ch/record/1622369/

CP violation in D72, — Kgh™
(s)

Outline

CP violation in DZ—LS) — thi
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CP violation in D(is) — Kgh™ [9] LHCb-PAPER-2014-018

CP violation in D* — KYK* and Df — Ko7t
e CP asymmetry and measured asymmetry defined as:

D LKAt r(D(+)—> Koht) —T(D;_, — K%h™)

A — (s)
P (D, — K3h*) + (D, — K3h~)’

+ 0 pt /\/D(t)_ﬂ{gh+ N (s)_>K0 h™
D(s)ﬁK h __ ''sig sig

meas - + 0 — 00—

N].)(SﬁKSiﬁ DyKgh
sig sig
D~ Kgh* D(;
~ A + Ay o+ Al + Ao,

o A d is the production asymmetry of the D Adet the detection

pro
asymmetry of the h*, and AKO is the combmed detection and CP
S

asymmetry of the KO.
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http://arxiv.org/abs/1406.2624

CP violation in D(is) — Kgh™ [9] LHCb-PAPER-2014-018

CP violation in D* — KK* and D — Ko7 (Il)

e Assuming negligible CP violation in Cabibbo-favoured decays
Df — KIK*, D* — KI7* and DF — ¢7r™, can define double

difference:
ABD — [ DIoKInE D}—»K%Ki} - { DESKEnE Di—>K%Ki1| oA
CP —_— meas meas meas meas K%?
D KIK® DFKYnt
= Acp +Ach

e Production and detection asymmetries cancel, and A, is known.
S

e Similarly, individual asymmetries can be accessed:

ADi—>KgKi _ [ 4pFoKIKE  DESKIKE] [ DFESKIAE DEsent] A
- )
CP meas meas meas meas KU
DEoKn*t DEoKmt DI pnt
ACP = Almeas — Ameas - AK% .
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CP violation in D(is) — Kgh™ [9] LHCb-PAPER-2014-018

CP violation in D* — KYK* and Df — Ko7t (llI)

iy
U

Candidates / (1.0 Me'\¢?)
Candidates / (1.0 Me'#)

=
o

Pull
Pull
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e 1.0M prompt D* — KOK* and 121k prompt D — K%n* candidates
selected from 3 fb~! data.

e Fit m(D(i)) distributions to obtain signal yields, giving:

+
ADSTREKE | DA (40,41 £ 0.49(stat) £ 0.26(syst))%,

A SKEKT (40,03 4+ 0.17(stat) + 0. 14(syst))%,
+
AR, RS _ (40,38 4 0.46(stat) + 0.17(syst))%.

e Most precise measurements to date, but no indication of CP violation.
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CP violation in D? — hTh!/)~

Outline

CP violation in D®— hth()~
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CP violation in D° — h*h!")~ [10] J. High Energy Phys. 07 (2014) 014

Direct CP violation in D°— h™h~

e Using B— D%u~X tagged D® — h*™h~, the measured CP asymmetry
is:

D%sh*h~ _ 4D%sh*h— pE B
Ameas - 'ACP + 'Adet + Aprod'

e No detection asymmetry for KK~ and ™7t~ final states.
e Taking difference of measured asymmetries, B production and pn
detection asymmetries cancel:

_ DY KK Do%sntn— _ 4 DSKTK-— Dosmta—
A"4CP - Ameas - 'Ameas - 'ACP - 'ACP .

e Assuming CP violation is negligible in D® — K~7t™ it can be used to
cancel nuisance asymmetries and access individual CP asymmetries:

DOSKYK~ _ 4DOSKTK™ DO Kt K¥n+
ACP - 'Ameas - 'Ameas + 'Adet )

D%sntn— _ 4 DSKTK-
Acp = Acp — AAcp.

+ . .
o Ag;“ is determined from prompt DT — K-7nt7t and DT — Kon*

decays, and the known A, .
S
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CP violation in D? — hTh!/)~

Direct CP violation
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1850

[10] J. High Energy Phys. 07 (2014) 014

in D°— hth~ (1)
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e From 3 fb~! data select 2.2M D% — K*K~ and 770k D® — mrm—
candidates, yielding:

AAcp = (+0.14 4 0.16(stat) + 0.08(syst))%,
ARSKTKT (0,06 £ 0.15(stat) & 0.10(syst))%,
AR (20,20 4 0.19(stat) = 0.10(syst))%.

e Most accurate measurements to date, no indication of CP violation.

e AAqp and A?;’?KJrK* are 28 % correlated.
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CP violation in D? — hTh!/)~

[11] A. Carbone, Beautyl4

World average direct CP violation in D®— h*h~
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e New world averages dominated by LHCb measurements:

AR KT (015 £0.11)%, AR = (+0.10 £ 0.12)%,
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https://indico.cern.ch/event/308116/session/9/contribution/33/material/slides/0.pdf

CP violation in D° — h*h!")~ [12] Phys. Rev. Lett. 112 (2014) 041801

Indirect CP violation in D°— h*h~

e Using D*t — DOt} tagged D®— K*K~ and D% — 7t~ measure
asymmetry in effective lifetime:

1 .
~nep |=(Am+ Ad)ycosp — xsing| .

F(D° — f) — F(D° — f)
Ar = f 5

(D® — £) + (D — )

e [ is the inverse of the effective lifetime of the decay, and ncp is the
CP eigenvalue of f.

o [ measured directly using data-driven, per-candidate correction for
selection efficiency.
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CP violation in D° — h*h!")~ [12] Phys. Rev. Lett. 112 (2014) 041801

6] HFAG
Indirect CP violation in D®— h*h~ (Il)

e Using 1 fb~! 2011 data 1.5M 77t and 4.8M KK candidates are
selected, yielding:

Ar(mt) = (0.033 4 0.106(stat) + 0.014(syst))%,
Ar(KK) = (—0.035 £ 0.062(stat) £ 0.012(syst))%.

55 002 gy 3 e World average:
S o015 B 3 v .
001; —Ar ~ a8 = (0.013 + 0.052)%.
0.005 |-
0.008 e Combined fit with direct CP
-0.01 . . .
o015 violation measurements yields

| 1 !

003 ‘ T p-value for zero CP violation of
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
5.1 %.
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https://cds.cern.ch/record/1621769?ln=en
http://www.slac.stanford.edu/xorg/hfag/charm/May14/DCPV/direct_indirect_cpv.html

CP violation in D° — h*h!")~ [13] Phys. Rev. Lett. 111 (2013) 251801
Mixing and CP violation in D® — K*m~

e Ratio of DCS “wrong sign” (WS) D®— K*7~ to CF ‘“right sign”
(RS) D% — K~7t decay rates vs decay time give access to mixing
parameters (assuming no CPV):

Nws(t)

X/2 T y/2
R —
() = N (t)

=Rp +VRpy't + th.

where:
2
Ro = |
y' = —xsin(d) + y cos(d), § = arg (ADCS)_

Acr

, X' = xcos(d) + ysin(d),

e Analysing D% and D? separately gives sensitivity to CPV.

e Using D*t — DOt} tagged candidates, fits to the distributions of
m(D**) in bins of DO decay time determine R(t).
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CP violation in D° — h*h!")~ [13] Phys. Rev. Lett. 111 (2013) 251801

[6] HFAG
Mixing and CP violation in D — K7t~ (Il)

e Using 3 fb~! data, a yield of 229K signal WS candidates is determined.
Assuming zero CP violation gives:

x?=(55+4.9)x107°y = (4.8+1.0) x 1073,
Rp = (3.568 £ 0.066) x 1073.
o Allowing for CP violation yields:
Ap = (Rp(D°) — Rp(D°))/(Rp(D°) — Rp(D%)) = (—0.7 £ 1.9)%,
0.75 < |g/p| < 1.24,(68.3 % CL).
e Assuming no CP violation in DCS decays (Ap = 0) yields much tighter
constraints on |q/p| in combined fits[®].

T o T T B R e TR
LHCb (8 CPV allowed (b) No direct CPV (¢) No CPV

-+ 99.7% CL

oL --0°68.3%CL [ --0°68.3% CL I --955%CL o
—D68.3% CL —D68.3% CL —68.3%CL
o 1 1 1 1 aaa b b b by 1 1 1 1
01 0 01 02 01 o0 01 02 01 0 01 02
X2[109
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http://www.slac.stanford.edu/xorg/hfag/charm/FPCP14/results_mix+cpv.html

CP violation in D° — h*h!")~ [6] HFAG

World average mixing and indirect CP violation
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e WS D® — K+7~ measurements contribute to constraints on y and
|q/p|, and to a lesser extent x and Arg(q/p).

e |g/p| and Arg(q/p) also constrained by Ar measurements.
e No evidence for indirect CP violation.
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Conclusions

Conclusions

e Rich charm physics programme at LHCb, yielding world best
measurements of CP violation and mixing in many decay modes.

e Complementary searches using T-odd observables and Miranda method
in D = K*K~ntn—, D° = ntn— ™ and DT — -t

e Direct CP violation in D(j;)% K%h* and D®— h*h~.

e Indirect CP violation using D®— h*h~.
e Mixing and CP violation using WS D% — K*+m—.

e Precision on D% mixing parameters significantly improved.

e No evidence for direct or indirect CP violation, but constraints of
O(1073) made in several modes.

e With some analyses still to add 2 fb~! recorded in 2012, run II
approaching, and the LHCb upgrade on the horizon, LHCb will
continue to dominate the landscape of charm physics for several years
to come.

e Potential to probe down to O(10~*) and further constrain (or
discover!) new physics.
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[5] LHCb-PAPER-2014-046

T-odd correlations, systematics

Contribution AAT (%) AAp(%) AalFd(%)
Prompt background 4+0.09 +0.08 4+0.00
Detector bias +0.04 +0.04 +0.04
C'r resolution +0.02 +0.03 +0.01
it model +0.01 +0.01 +0.01
Flavour misidentification +0.08 +0.07 +0.00
Total +0.13 +0.12 +0.04
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[9] LHCb-PAPER-2014-018

CP violation in D* — K/K* and Df — Ko7, systematics

Vs ="T7TeV Vs =8 TeV

=3 O + (1 = 0+ x 1
Source .Agg A?p —+K{K Ag}; —Kim Agg .Afp —+KiK Ag;: —+Kim
Fit procedure 0.14 0.09 0.11 0.07 0.05 0.01
Cross-feed bkgd. 0.03 0.01 0.02 0.01 - 0.01
Non-prompt charm | 0.01 - - 0.01 - -
Kinematic weighting | 0.08 0.06 0.13 0.05 0.07 0.12
Kinematic region 0.10 0.06 0.04 0.19 0.02 0.17
Trigger 0.13 0.13 0.07 0.17 0.17 0.09
K" asymmetry 0.03 0.02 0.02 0.04 0.02 0.02
Total 0.23 0.18 0.19 0.27 0.19 0.22
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[10] J. High Energy Phys. 07 (2014) 014

Direct CP violation in D®— h*h~, systematics

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 modelling 0.03% 0.03%
Quadratic sum 0.08% 0.10%
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[12] Phys. Rev. Lett. 112 (2014) 041801
Indirect CP violation in D° — h™h~, systematics
e Complementary binned fit method vyields:

Ar (o) = (0.085 =+ 0.122(stat) =+ 0.113(syst))%,
Ar(KK) = (0.050 + 0.065(stat) + 0.089(syst))%.

e Main systematic from difference in magnet polarities, and background
modelling.

e Main systematics for unbinned method from modelling of D° from B
decays, and decay-time acceptance correction.

Source AFP(KK) AP (KK) AP () AP (77)
Partially reconstructed backgrounds +0.02 +0.09 +0.00 +0.00
Charm from b decays +0.07 +0.55 +0.07 +0.53
Other backgrounds +0.02 +0.40 +0.04 +0.57
Acceptance function +0.09 ... =011 —ee

Magnet polarity e +0.58 wee +0.82
Total systematic uncertainty +0.12 +0.89 +0.14 +1.13
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[13] Phys. Rev. Lett. 111 (2013) 251801

Mixing and CP violation in D® — K*7t~, complete results
and systematics

Parameter

Value

Direct and indirect CP violation
Ry (1073)

¥ (107%)

X2+ “0—5)

Ry (1073)

¥ (1077

7 (107%)

x*/ndf

No direct CP violation
Ry (1079

¥ (107%)

XQ+ “0—5)

¥~ (1079)

7 (1079

X°/ndf

No CP violation
Rp (1073

¥ (107%)
x2(107%)
x*/ndf

3.545 = 0.082 = 0.048
51=xL2=079
49x60=x36

3.591 = 0.081 = 0.048
451207
6.0 =58=36

85.9,/98

3.568 = 0.058 = 0.033
48x09=06
6.4 4730
48=09=06
4.6 x46=3.0

86.0,/99

3.568 = 0.058 = 0.033
48=08=05
55£42x26

86.4/101

M. Alexander (University of Glasgow)

e Systematics include:

o Uncertainty on the fraction
of D° produced in
B— D%~ X and the
resulting bias on the
measured D° decay time.

e Uncertainty on the fraction
of peaking background.

e Uncertainty on the
measurement of the
instrumental asymmetry.
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[6] HFAG

Evolution of CP violation measurements
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Evqutlon of mlxmg and CP V|oIat|on parameters
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[6] HFAG

Mixing and CP violation averages

Parameter No CPV No direct CPV CPV-allowed CPV-allowed
in DCS decays 95% CL Interval

z (%) 0.49 018 0437011 041101 [0.11, 0.68]

y (%) 0.62 = 0.08 0.60 =+ 0.07 0.63 *0:01 [0.47, 0.76]
Oger (°) 78700 467150 T3 [-18.5, 25.8]
R, (%) 0.350 + 0.004 0.349 + 0.004 0.349 + 0.004 [0.342, 0.356]
Ap (%) - - —0.711052 [2.6, 1.1]

la/p| - 1.007 £9014 0.93 2508 [0.79, 1.12]

o (%) - -0.30F0:25 —8.7H51 [~26.9, 8.6]
Spenn (°) 18.77533 2081333 23.3 7510 [-24.8, 70.2]
AL (%) - 0.11 £0.14 0.14 +0.15 [0.15, 0.42]
A (%) - —0.13 £0.13 —0.11+534 [-0.37, 0.15]
Ty (%) - 0.43 -1t [0.13, 0.69]
y12 (%) - 0.60 +0.07 [0.45, 0.75]

15 (°) - 0972 (-3.0,6.1]
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Mixing and CP violation averages in 2013

[6] HFAG

Parameter No CPV No direct CPV CPV-allowed CPV-allowed 95% C.L.
(%) 0.49 1011 0.46 +0.18 0.49 518 [0.10, 0.81]
y (%) 0.66 + 0.09 0.67 +0.09 0.74 4+ 0.09 [0.56, 0.92]
5 () 1081198 11.47103 19.5 755, [-9.6. 35.4]

Rp (%) 0.347 £ 0.006 0.347 £ 0.006 0.350 0507 [0.337, 0.362]
Ap, (%) - - —26 +2.2 [-6.9, 1.7)
la/pl - 104 508 0.69 7511 [0.44, 1.07]
6 () - —1.6723 —20.6 32 [~44.6, —7.5]
Sicnn () 213 %53 2291500 2517555 [~20.6, 69.2]
A, - - 0.16 + 0.21 [~0.25, 0.57]
Ag - - —~0.16 +0.20 [~0.56, 0.23]
2yq (%) - 0.46 +0.18 - [0.10, 0.80]
Y1 (%) - 0.67 +0.09 - [0.50, 0.85]
B15(°) - 187127 - [~11.7, 35.9]
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