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weesme  Why LHCb?

Search for CPV in
the charm at LHCb

e Alvaro talked about B-physics at LHCb. LHCb also has large charm

Charm physics at physics program
LHCb
L ek cig e |LHCb has huge charm samples. Charm cross section = 20 x b cross
yop and Ar section within the LHCb acceptance:
o o(cc)LHCb = 1742 + 267 ub (LHCb-CONF-2010-013),
Direct CPV e o(bb)LHCb = 75.3 £ 5.4 + 13.0 ub (Phys.Lett.B694, 209).

AAcp e In 1fb! roughly 10%2 cc and 10'! bb produced!

Df—K-K*n* e [HCb can make precision measurements in charm and study loop-

Outlook sensitive processes.

e [hese measurements include searches for CPV.
e Theory calculations are difficult in charm

——T e Use to be a clean prediction of CPV < O(107%)
TNCLH o Recently effects of a few O(1073) could be possible in SM
B University of Phys.Rev. D75 (2007) 036008

BRISTOL
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Search for CPV in
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« Observed in 2007 by BaBar and Belle
[arXiv:hep-—ex/0703020; arXiv:hep--ex/0703036]

- >100 in HFAG average, but no single >56 measurement

Charm physics at d.s. b
LHCb U ¢
DO mixing >
mixin DO EO EO
ycp and Ar‘ <
Direct CPV c d.s.b u Mixes via hadronic intermediate states
Mixing via box-diagram Long range
AAcp Short range
D+—K-K*r* . . . . .
- ’ Time-evolution described by Schrodinger equation:
Outlook O DO t DO t
i = —0( ) = (M —I') —0( )
ot \ D (t) D (t)
: 0 0
Mass eigenstates are ‘ D1,2> — P | D > T q | D >
LHCD . . _ _ M2 —my Iy -1y
NLIS Size of mixing characterised by * = T 3 Yy = oT

5 A Mixing if x # 0 or y # 0 CPVif|q/p| = 1 orarg(q/p) = O )



vatt coombes  VVOrld average time dependent CPV and mixing
Search for CPV in

the charm at LHCb

2 s .
Charm physics at < 15 e s g
LHCb =
5
I
DO mixing <
ycp and Ar
Direct CPV
AAcp | "
D KK No mixing £
— T Q
—O.TI | | 850 wda I P A N P
-0.5 0 0.5 1 15 02 04 06 08 1 12 14 16 18
Outlook X (%) Ig/p!
No mixing ruled out at >10c No CPV if |q/p| # 1

or ar =0
7 : g(a/p)

At this stage no evidence for CPV in mixing in charm sector
Bl University of
B BRISTOL
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Charm physics at
LHCb

DO mixing

Measurement of

ycp and Ar

Direct CPY mixing and CP violation parameters
AAcp In two-body charm decays

D+—K-K*nt JHEP 1204 (2012) 129

Outlook

LHCD
L @

Bl University of
BRISTOL
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Charm physics at
LHCb

D0 mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
\ )

% University of
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Two-body mixing and CPV

Compare lifetimes of non-eigenstate decay D - K—xT and CP even
decays D - KTK (ntn™)

7(D° — K~ 7™)
7(DY - KTK—,ntn—)

1
= 9 COS P — — (‘Q‘ — |]—?D x sin @
2\|p| |4

Yop = —1

If no CPV ycp =¥
Tagging the DO flavour using the slow pion from the D*+,

D*t - D fynF or D*" — DO(f)m;

S

allows us to define:

7(D° — K~K*) — 7(D° - K~ K™)
7(D0 — K=K*+) + 7(D° — K-K*)

17049 _|p
2

—| == COS ¢ — X Sin
gl yoosexane
Ar sensitive to CPV in mixing (|q/p| # 1)

Ar

Q

p

M. Gersabeck et al, J. Phys G 39 (2012) 045005.
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D*t — DY (K~ K™)n!

% 2000FT T T T T oo N,
Charm physics at 3 1800 %
LHCb = 1600 =
o o
™ 1400 =
.. o S
DO mixing ~ 1200 g
4 ”
= 1000 @
ycp and Ar E 800 £
600 w
Direct CPV 400
200
0 1 M L L L L L L 1 L r1 L 1
AAcp 140 145 150 155 160 0 :
2 140 145 150 155 160
Am (MeV/c®) Am (MeV/c?)
D+—K-K+n+ _ _ _ _
39K candidates with 29pb-1 286K candidates with 29pb-1
Outlook
"’.;’(-/-‘) Performed on 29pb-! update on 1fb! in progress
% University of
AR BRISTOL

JHEP 1204 (2012) 129
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Charm physics at
LHCb

D0 mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
\ )

% University of
BRISTOL

vcp and Ar at LHCD

yop = (0.55 + 0.63 + 0.41)%

E791 1999

CLEO 2002

Belle 2002

Belle 2007

Belle 2009

BaBar 2009

LHCb 2012

World average

March 2012

0.732 = 2.890 + 1.030 %

3.420 = 1.390 = 0.740 %

-1.200 + 2.500 = 1.400 %

-0.500 + 1.000 = 0.800 %

1.310 = 0.320 = 0.250 %

0.110 = 0.610 = 0.520 %

1.160 = 0.220 = 0.180 %

0.550 = 0.630 = 0.410 %

1.064 = 0.209 %

Ar = (=0.59 + 0.59 + 0.21)%

Belle 2007

BaBar 2007

LHCb 2012

World average

March 2012

' I T W B ST ST P S A
-12 -1 -0.8-0.6-04-0.2 0 0.2 04 0.6

Ar (%)

Performed on 29pb-! update on 1fb! in progress
Update with more data and improved systematics

0.010 = 0.300 = 0.150 %

0.260 = 0.360 = 0.080 %

-0.590 = 0.590 = 0.210 %

0.026 = 0.231 %
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Charm physics at
LHCb

D0 mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
- @

Bl University of
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Measurement of
AAq, (DP—KK* - D'—mmt)

Phys. Rev. Lett. 108 (2012) 111602



http://dx.doi.org/10.1103/PhysRevLett.108.111602
http://dx.doi.org/10.1103/PhysRevLett.108.111602

vatt coombes ~ Direct CPV in Singly Cabibbo Suppressed Decays
Search for CPV in
the charm at LHCb

Time-integrated CP asymmetry defined as:

- (D—f)—T(D—f)

Charm physics at A (f) — — _
LKCh [(D— f)+T(D—f)
D0 mixing
o and Ar SM predictions do not rule out a few 103
Direct CPY NP could enhance up to (10 %)

AAcp — 4+

s LHCb study final state f: 7T 71 ' or K K™
Outlook

DO flavour determined by the sign of the slow pion in decay:
D** = DY f)xr o  D*” — DO(f)m;
LHCD
AC L

% University of
BRISTOL
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Araw (f) = Acp(f) + Ap(f) + Ap(7y) + A, (D*T)

Charm physics at
LHCb want

D0 mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
\ )

% University of
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f's detection
asymmetry

Ts detection
asymmetry

Production
asymmetry
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Araw (f) = Acp(f) + Al f) + Ap(n]) + Ap(D*)

Charm physics at
LHCb want

D0 mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
\ )

% University of
BRISTOL

f's detgCtion Ts detection

asy etry

Zero for self-
conjugate final states

asymmetry

Production
asymmetry
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Apaw (f) = Acp(f) + A f) + Ap(n)) + A, (D*T)

Charm physics at Tts detection Production

LHCb
asymmetry asymmetry
D0 mixing
ycp and Ar‘
Direct CPV
. / c o
A A Taking Arpaw (f) — Araw (f') the production and slow pion
detection asymmetries will cancel
D+—K-K+t
Outlook
ARAw(K_K+) — ARAw(ﬂ'_T('_'_) — ACP(K_K+) — ACP(W_W+) = AACP
e Indirect and direct CPV can contribute Phys.Rev. D80 (2009) 076008
1‘1‘-/(_'/_‘) e Indirect CPV is ~universal => cancels in A(K*K~)-A(mt*m)
e If lifetime acceptance same for KK and mm
BAL Universicy of e If not contribution AM[<tkk>—<trr>]/To
AL BRISTOL
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Charm physics at
LHCb

D0 mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
\ )
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AAcCp

Magnetic field induces left/

right differences between the
D™ and D™ due to the slow
pion

e Acceptance effect at
edges of detector
e Beam-pipe shadow

We remove this asymmetry

We remove areas of large
asymmetry to avoid secondary
effects

Frequently flip the magnetic
field

Detector asymmetries
removed In difference between
RAW asymmetries

Acceptance effect

Beam-pipe shadow

/L

/L




Matt Coombes

Search for CPV in
the charm at LHCb

Charm physics at
LHCb

D0 mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
\ )

% University of
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AAcCp

Magnetic field induces left/

right differences between the
D™ and D™ due to the slow
pion

e Acceptance effect at
edges of detector
e Beam-pipe shadow

We remove this asymmetry

e We remove areas of large
asymmetry to avoid secondary
effects

e Frequently flip the magnetic
field

e Detector asymmetries
removed In difference between
RAW asymmetries

Acceptance effect

- K~ /n~
DO _,/’/
o \_ T~ Kt
S
. -
+ =
ﬂ-S
_ — [ K= /m
DO —"’/
-.---\:'----K+/7T+
a ﬂ-s
- ﬂ-S
| e e Team

Beam-pipe shadow
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Charm physics at
LHCb

DO mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
- @

Bl University of
BRISTOL

AACp

Magnetic field induces left/

right differences between the
D™+ and D™ due to the slow
pion

e Acceptance effect at
edges of detector
e Beam-pipe shadow

We remove this asymmetry

We remove areas of large
asymmetry to avoid secondary
effects

Frequently flip the magnetic
field

Detector asymmetries
removed In difference between
RAW asymmetries

magnetic field up polarity

— e 1
L
% - - 08
s 1(""'!— - : — 0'0
- = - X -
o - = v, {04
s : o : 0-2
= E e e
= u s - 0.2
7 . "
L o o~ .04
- - . : - . - -
= . -
1000k X A -l ol L
. 4 0.8
PU B S A
0 10000 15000

Slow pion Ipl (MeV/c)

magnetic field down polarity

o —_— 1
e 4
> - . R 08
Q K z = A% o &
?, 1000_ e .: ; ,.:‘.:.:-. " | T
Q.- i " " .".. s . 0.4
c e P D
s L gzl 02
Q 0 -
= . — 0
= _ ’ :-; .
o ¥ 0.2
7] E -
- g Sw -. o .04
s - B S |
1000}~ v L T e
s v 488 .08
" AR ISR N L T R
0 10000 15000

Slow pion Ipl (MeV/c)

Phys. Rev. Lett. 108 (2012) 111602 17
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Charm physics at
LHCb

D0 mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
\ )
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Entries / (0.5 MeV/c?)

AACp

T
=
b
O
o

i

1%20 1840 1860 1880x 1900
) m(K K') (MeV/c?)
K-K* Yield: (1436+2) x 103
({; L B LN S S B S | Ty
S LHCb b)
2 |
& 10000
g |
5 sooof

1820 13;0 1860 1880 1900
m(x'n*) (MeV/c?)

mtt Yield: (381+1) x 103

AAcp = (—0.82 £0.21 £0.11)%

First evidence of CP violation in charm with significance 3.5¢c
Carried out on 0.6fb!

EnHies /(0.1 Me;l/c’)
: 8 &

:

0 5 10 15
om (MeV/c?)

Entries / (0.1 MeV/c?)
g & &

2

0 5 10

15
om (MeV/c?)

Phys. Rev. Lett. 108 (2012) 111602

18
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Charm physics at
LHCb

D0 mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
\ )

Bl University of
BRISTOL

Cross-checks

Many cross-checks performed, e.g:

Stability of result vs data taking
runs

Stability vs D* Pt

Stability vs D* ETA
Consistency between subsamples

(field up/ field down, etc)

AAgp (%)

-
‘ -
11111‘1'1111111[111

-0.05

10 15 20

Run block

LHCb

e

FEEERC

—

0 s
pT(D ) GeV/c

Phys. Rev. Lett. 108 (2012) 111602
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World average

3 N e
Ell_llag;n physics at <1 0.015 E— g::: E:&
0.01 - L_:I :ACL’HC(:;?,F Prelim.
. : S A, BaBar
DO mixing 0.005 : A, Belle
ycp and Ar 0
Direct CPV 000SE 3 :
-0.01 Wi e
AAcp o
-0.015 =
Dt—K-K*nt R
_0.0% 2 v 2 o0 2 2 e al s s a SSERNNSINMAS 7 ¢ ., R | s-3 ot g e
-0.02 -0.015 -0.01 -0.005 O 0.005 0.01 0.015 0.02
Outlook alnd
cP
Includes CDF result AAgp = (—0.62+0.214+0.10)%

Many Interpretations. See: arXiv:1202.2866v2

Isidori, Kamenik, Ligeti, Perez (arXiv:1111.4987)
Ll_l(.‘/) Brod, Kagah, Zuparf (arXiv:1111.5000)
. Cheng, Chaing (arXiv:1201.0785)
Pirtskhalava, Uttayarat (arXiv:1112.5451)
B University of Bhattacharya, Gronau, Rosner (arXiv:1201.2351)
BRISTOL Feldmann, Nandi, Soni (arXiv:1202.3795)
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Charm physics at
LHCb

D0 mixing

ycp and Ar

Direct CPV

AAcp

DK Kfnt

Outlook

LHCD
- @

Bl University of
BRISTOL

Search for CP violation in
Dt— KKttt decays

Phys. Rev. D 84 (2011) 112008

21
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Charm physics at
LHCb

DO mixing

ycp and Ar

Direct CPV
AAcp

DK Kfnt

Outlook

LHCD

Bl University of
BRISTOL

Search for direct CP violation in
three-body decays

Look for CPV in SCS decay
DT - KtTK nt

Search for local asymmetries
across Dalitz space

Model independent method based
on binning Dalitz plot and
comparing corresponding bins

Model-independent searches for CPV in multi-body decays

[ Y 10°
25

10?2

m2... (GeV?/c?)

10

0.5 1 15 2
mZ- . (GeV%/c?)

Phys. Rev. D 84 (2011) 112008 ,,


http://dx.doi.org/10.1103/PhysRevD.84.112008
http://dx.doi.org/10.1103/PhysRevD.84.112008

vatt coombes  Model-independent searches for CPV in multi-body decays
Search for CPV in
the charm at LHCb

Bin Dalitz space and compare bins s T kb.)
W ) itz ~ 25F :
between D~ and Dt Dalitz space ~ 2sf | LHCb 10
. < T
Charm physics at Based on the Miranda method S 2F || ke -
(Bedi t al, Phys.Rev.D80:096006,2009) NE: C ¢
LHCb €dlaga €t a yS_ ev E 1.5:_ )
N; — aN; N, g
DO mixing SCP — v 'L_ o — _total E
\/Ni—l_aQNi Ntotal s 1 15 2
ycp and Ar m2. . (GeV%/c?)
Phys. Rev. D 84 (2011) 112008
Direct CPV

oo normalise away overall asymmetry, but also removes production and
AAcp detection effects

D+ K-K*n* Plotting for all bins: if NO CPV Gaussian with p =0; o =1

2 \2 .
Ditlon Calculate x> =) (S&p)? and p-values under assumption of no CPV
15'!:-‘ :’j::f'?-'-?‘ fu:; _3:::::1319 f1ggg
: No CPV P -0zset-0z+ 023260 “+ CPV s mome  aps2
'Iﬂz;— P3 1962, & 44.33 |
LHCD
a ‘ F
'E | 1 | | |
.% =5 —4 —JI I I—Zl I I—1 4I I5-
4G University of
AR BRISTOL

Simulation by Bediaga et al, Phys.Rev.D80:096006,2009

23


http://dx.doi.org/10.1103/PhysRevD.84.112008
http://dx.doi.org/10.1103/PhysRevD.84.112008

Matt Coombes

Search for CPV in
the charm at LHCb

Yields for 35pb-1

NA15000 (A LA S S S S S R ;l--rl
Charm physics at S | (b)
LHCb = LHCb
SCS 0.33M 3,10000_ Iowcr! upper
o
DO mixing Dt 5 KK nt= |
: ||
ycp and Ar iy E
™
- \
Direct CPV L a
F D
o....l..;... pop ab-a SRR -
AAcp 1800 1850 1900 1950 2000
m, .. (MeVic?)
Dt—K-K*nt
e I 1 v v 3
Outlook ~ 3 (a) E
240000} LHCD ~
g s lower upper s
o
2
c
$ 20000 /
w
LHCD
! @
0 A A
1800 1850 1900 .
% University of my ... (MeVic™)

BRISTOL

Model-independent searches for CPV in multi-body decays

Use CF where NO CPV expected to check for detector asymmetries

Phys. Rev. D 84 (2011) 112008 44
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vatt coombes  Model-independent searches for CPV in multi-body decays
Search for CPV in
the charm at LHCb

) g =
S w
Charm physics at & £ 20f
LHCb 9 s F
E g 15;—
D0 mixing 5 105_
ycp and Ar 55_
Direct CPV o
AAcp
D+ KK+t
Several binnings used
Outlook
All consistent with no CPV. Binning shown agrees with hypothesis of
no CPV with a p-value of 10.6%
LHCD
ACH
% University of

BRISTOL Phys. Rev. D 84 (2011) 112008 55
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Charm physics at
LHCb

D0 mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
\ )

% University of
BRISTOL

Qutlook

e First evidence of CPV in charm sector observed
e Exciting result
e Open to discussion and interpretation
e Huge amounts of data available at LHCb will help us
understand CPV in charm
e More precision measurements being carried out to
help understand this result
e Lots more for LHCb to contribute to charm physics:
e Forthcoming analysis with 1fb! from 2011 running
e Charm sample more than double with 2012 data

e 2012 is going to be golden year for charm physics at LHCb

26
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Data taking at LHCb

Charm physics at

LHCb
| LHCb Integrated Lumi over Fill Number at 3.5 TeV | [2011-01-31 18:00:05 }
D0 mixing - : : -
g Y- . Delivered Lumi: 42.15
E 35 :_ L] Recorded Lumi: 37.66 JLP
ycp and Ar g )
8 — hlll!llllﬂ LHCh E“ldllll:! breakdown l
£ 30
£ F 3
3 uF osgy
Direct CPV g 25: Val..o‘Safaty: 2.3 (%) |
[ = DAQ: 4.9 (%)
o 20 Deadtime: 1.7 (%)
2 —
€ C
= = 4
AAcp “E /
10
D+ KKt s J"
O.W Sl L Laa g

1" 1150 1250 1300 1350 1400 1450

LHC Fill Number

2010: 38 pb~'

Outlook

LHCD

Bl University of
BRISTOL

LHCb Integrated Luminosity at 3.5 TeV in 2011

1.8 : i H : : 1

— Integrated LHCb Efficiency breakdown in 2011 L] Delivered Lumi: 1.2195 /fb

L] Recorded Lumi: 1.1067 /fb

.. Integrated Luminosity (1/fb)

2100‘ — I2200l
LHC Fill Number

2011:1 fb™!
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Charm physics at
LHCb

D0 mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
\ )

Vé University of
BRISTOL

(a)
Want to measure how
acceptance varies

. . . accepted?

with lifetime for each 1=ye:
candidate 0=no |
By shifting PV for ©
each candidate we
eval.u.ate the trigger |p27 ~~~~~~ /h+
decision for each DB
possible lifetime of ukv
each decay N

accepted? .

1=yes —-

0=no | :

tmin tmeas

Lifetime dependence measurements of charm

accepted?

1=yes

0=no 4

accepted?
1=yes ——
0=no 4 :
1:min tmeas K

29
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Search for CPV in
the charm at LHCb  Improving systematics for 2011

Charm physics at

bl e Dominant uncertainties Table 1: Summary of systematic uncertainties.
from the background
DO mixing o : Effect yop (1073)
e OStatistical component in VELO length scale negligible
ycp and Ar secondary charm Turning point bias +0.1
Direct GPY uncertainty will improve I TR a0
AAcp with more data from Proper-time resolution +0.1
2011 Minimum proper-time cut +0.8
T Trd : Maximum proper-time cut +0.2
DR * Easier to control Secondary charm background +3.9
Outlook background in 2011 data Total +4.1

with improved triggers.

LHCD
\ )

Vé University of
BRISTOL
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Charm physics at
LHCb

DO mixing

ycp and Ar

Direct CPV
AAcp
Dt—K-K*nt

Outlook

LHCD
R )

Vé University of
BRISTOL

AAcp RAW asymmetries

Beam pipe shadow from slow pion

Area removed with fiducial cuts

/L

1~

magnetic field up polarity

o O
o o
o o

d
8
[RERERN

n

o

o
\IllJ\llHlllHll

Soft pion p _ (MeVic),
3
S

=200

=400

=600

-800

Illlll\“ll.\r:t-'!

-1000 =50 1] 500 1000
Soft pionp (MeVic)

-1000

magnetic field down polarity

Soft pion p (MeVic),
N & o
= (=] (=]
& & o

o

=200
-40
-600

-800

IIIJI\I{H

Ly

~1000 =50 -500 0

500 000
Soft pion p . {MeV/c)
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- a 0.02 v
T 0O m .:g%z’gt AA ., BaBar
. December 2011 KL
Charm physics at <0.015_ :’3:::‘ ﬁﬁcp gglll:e
- S CP
LHCb - NN [JA, LHCb
0.01— 02”% KJA, BaBar
V/| A Belle
D0 mixing
ycp and Ar
Direct CPV
AAcp
N
D+—>K_K+T[+ 006|||||||||||||§\ A S T R A R R R N B R R

02 -0.015-0.01-0.005 O 0.005 0.01 0.015 0.02

Outlook a'g,‘;'

Before this measurement
LHCD
% @

Bl University of
BRISTOL
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AAcp Result

~a 0.02 <<
50 323‘3*2 AA., BaBar
< December 2011 ’:0:5‘ AAC Belle
Charm physics at <0.015L XD cp
= N 1AA., CDF
LHCDb - 2’32:‘3 [JA, LHCb
0.01— AA_, LHCb IR S A, BaBar
s cp ' g :,::szz 7/ A, Belle
.. uperimpose R
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